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SCIENTIFIC RESULTS

Q

The following reports have been prepared describing our Pioneer lO/ll

observations and our theoretical results related to the analysi_and

interpretation of the Pioneer data. These include our work on the

interplanetary physics as well as our study of the atmospheres and

environments of Jupiter, Saturn, and their satellites.
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"Pioneer lO Observation of the Ultraviolet Glow in

the Vicinity of Jupiter", Science 183, 317 (1974),
D. L. Judge and R. W. Carlson.

This report describes the preliminary Pioneer

i0 encounter results, particularly the first obser-

vation of helium in the atmosphere of Jupiter and

the discovery of a hydrogen cloud orbiting Jupiter.

"Initial Pioneer I0 Results on the Interplanetary and

Interstellar Hydrogen and Helium Glow", Winter Meeting,

A.P.S., Los Angeles, 1972, D. L. Judge, R. W. Carlson,
K. Suzuki and A. L. Morse.

The report deals with the interplanetary glow and

the first positive evidence for interplanetary He

emissions. The flow direction (a = 240°) was discussed.

"Pioneer lO Ultraviolet Photometer Measurements of

Interplanetary Hydrogen and Helium" Winter Meeting, AGU,

San Francisco, 1973, D. L. Judge, R. W. Carlson,
K. Suzuki and A. L. Morse.

Additional parameters of the interplanetary gas were

discussed, and the influence of self-reversed lines.

"Pioneer I0 Ultraviolet Photometer Observations_at

Jupiter", presented at the 55th Annual Spring Meeting

of the AGU, Washington, D. C., April, 1974,

R. W. Carlson, and D. L. Judge. (Invited paper).

The Jupiter H2/He ratio was presented along with the
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the cloud results and a theory of the source and

loss mechanisms involving the plasmasphere.

0

"Possibility of 0 Ill _ 304 A Emissions in the Extreme

Ultraviolet Airglow", Letter, J. Geopnys. Res. 72_7,6282
(1972), R. W. Carlson.

Based on terrestiral measurements, one of the

possible components of the interplanetary glow

observed bY Pioneer lO was thought to be due to He+ .

This problem was examined and it was found that the

interpretation of the terrestrial measurements can be

confused by 0++.

"Pioneer lO Ultraviolet Photometer Observations at

Jupiter Encounter", J. Geophys. Res. 79, 3623 (1974),
D. L. Judge and R. W. Carlson.

21

The initial results from the Jupiter Encounter

are analyzed in rather complete fashion.

"Atmospheres of Outer Planet Satellites", Exploration
of the Outer Solar System", MIT Press, 1975,
R. W. Carlson.

32

"Pioneer I0 Ultraviolet Photometer Observations of

the Jovian Hydrogen Torus", Icarus, 24, 395 (1975),

R. W. Carlson and D. L. Judge.

60

"Pioneer lO Observations of the Interplanetary

Ultraviolet Glow", presented at Fall Meeting, Amer.

Geophys. Union, San Francisco, 1975, K. Suzuki,

R. W. Carlson, D. L. Judge and A. L. Morse.

65

"On the Invertibility of Mutual Occultation Light Curves", 66

presented at 1975 D.P.S. Meeting, Columbia, Md.,

February 197b, R. T. Brinkmann.

"On the Invertibility of Mutual Occultation Light

Curves", Icarus 2__77,69 (1976).

67

"Electron Impact Ionization of lo's Sodium Emission
Cloud", Geophys. Res. Lett. 2, 469 (1975), R. W. Carlson
D. L. Mats,n, and T. V. Johnson.
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"The Problem of Hydrogen at Io", presented at the

Division for Planetary Sciences (AAS) meeting, Austin,

Texas, April, 1976, R. W. Carlson and D. L. Judge

"Pioneer lO Ultraviolet Photometer Observations of

Jupiter: the Jovian Helium to Hydrogen Ratio", Jupiter,
University of Arizona Press, 1976, R. W. Carlson and

D. L. Judge.

"Sodium D-Line Emission from Io: Line Profiles and

and Synoptic Observations", presented at the Division

for Planetary Sciences (AAS) Meeting, Austin, Texas,

April 1976, D. L. Matson, R. W. Carlson,

J. T. Bergstralh, J. W. Young, and T. V. Johnson.

"Pioneer Ultraviolet Photometer Measurements of the

Jovian Satellites", Jupiter, University of Arizona
Press, 1976, D. L. Judge, R. W. Carlson, F. M. Wu
and U. G. Hartmann.

"Io's Atmosphere and Ionosphere: New Limits on Surface

Pressure from Plasma Models", presented at the Division

for Planetary Sciences (AAS) Meeting, Austin, Texas,

April 1976, T. V. Johnson, D. L. Matson, and
R. W. Carlson.

"lo's Atmosphere and Ionosphere: New Limits on Surface
Pressure from Plasma Models", Geophys. Res. Lett., 3,
293 (1976), T. V. Johnson, D. L. Matson and
R. W. Carlson.

"Europa: Ultraviolet Emissions and the Possibility of
Atomic Oxygen and Hydrogen Clouds", Astrophy. J., 225,
325 (1978), F. M. Wu, D. L. Judge and R. W. Carlson.

"Electron Heating of Interplanetary Medium", Astrophy.

J., 225, I045 (1978), F. M. Wu and D. L. Judge.

"Europa: Ultraviolet Emissions and the possibility of

Atomic Oxygen and Hydrogen Clouds", presented at the

Fall Meeting, American Geophys. Union, San Francisco,

1977, F. M. Wu and D. L. Judge.

"Electron Heating of Interplanetary Medium" presented at
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Pioneer I0 Observations of the Ultraviolet Glow in the Vicinit_ of Jupiter

D. L. Judge, R. W. Carlson

Abstract. A two-channel ultraviolet photometer aboard Pioneer 1-0 has made
c

several observations of the ultraviolet glow in the wavelength range

from 170 to 1400 angstroms in the vicinity of Jupiter. Preliminary

results indicate a Jovian hydrogen (1216 angstrom) glow with a brightness

of about i000 rayleighs and a helium (584 angstrom) glow with a brightness

of about 10 to 20 rayleighs. In addition, Jupiter appears to have an

extensive hydrogen torus surrounding it in the orbital plane of Io. The

mean diameter of the torus is about equal to the diameter of the orbit

of Io. Several observations of the Galilean satellites have also occurred

but only a rather striking Io observation has been analyzed to date. If

the observed Io glow is predominantly that of Lyman-_, the surface brightness

is about 10,000 rayleighs.

The ultraviolet instrument (1) on Pioneer lO is a two-channel

photometer designed to observe the resonance emissions from atomic

hydrogen and helium at 1216 _ (the H Lyman-_ line) and 584 _ respectively.

The instrument uses a filter and photocathodes to isolate these two

emission features.

Detailed calculations (2) show that the hydrogen and helium resonance

lines are the strongest features to be expected from the outer atmosphere

of Jupiter, and arise from resonance scattering of the incident solar

hydrogen and helium lines; thus, only broadband isolation of these lines

is required. The He channel uses a thin aluminum film as a filter and LiF

as a photocathode, resulting in a spectral band pass of approximately

200 to 800 _. The hydrogen channel uses the fron surface of the Al film
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as a photocathode for which the photoelectric response extends up to

about 1400 _. This channel is sensitive to both hydrogen and helium

emissions, but the former is more intense by more than an order-of

magnitude, so the recorded signals accurately represent the Lyman-_

intensity.

The optical axis of the photometer is oriented at 200 to the space-

craft spin axis while the instantaneous field of view is approximately

l ° by 200 with the longer dimension tangential to the 20° are swept out

by the spacecraft rotation.

This orientation was chosen to give two views of Jupiter, the first

occurring at approximately 50 Jovian radii (Rj), and outside the predicted

radiation belts, while the second observation period occurred at about

lO R.. In addition, several observations of the Galilean satellitesJ

were possible during the 5 days before closest approach.

During the first Jupiter viewing period emissions from the planet

were observed in both the hydrogen and helium channels but the data obtained

during the second viewing period suffered degradation due to the energetic

radiation belt particles. The preliminary estimate of the hydrogen

Lyman-_ intensity is somewhatless than lO00 rayleighs (3) while that

of the He emission is approximately lO to 20 rayleighs. Helium emissions

have not previously been observed from Jupiter although the presence of

He has been speculated on for manyyears.

The present Lyman-_measurementsare lower than the sounding rocket

observations of Rottman et al. (4). This discrepancy may be partially

due to variations in the solar Lyman-eflux, differences in atmospheric

properties which depend on solar activity, and calibration uncertainties.

Ultraviolet emissions were also observed in the hydrogen channel

from the innermost Galilean satellite Io (JI). It is reasonable to assume
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that these emissions correspond to Lyman-_since the surface of Io is

thought to consist of hydrogen-bearing ices of NH3 and H20 (5). The

atomic hydrogen could result from photolysis and particle bombardment

of the atmosphere and surface. If H Lyman-e is the main contributor, the

source brightness is approximately lO,O00 rayleighs. Such an intensity

would seemto require an excitation mechanismin additon to resonance

scattering. Aurora-like activity, as produced by energetic electrons

accelerated toward Io by its motional electromotive force (6), seemsan

attractive possibility.

Finally, hydrogen channel signals were observed from the equatorial

plane of Jupiter during periods when_either the planet nor its satellites

were in the field of view. These emissions of several hundred rayleighs

in intensity are tentatively interpreted as due to a toroidal cloud of

neutral hydrogen in orbit around Jupiter, similar to the hydrogen torus

proposed by McDonoughand Brice (7) for Saturn and Jupiter (8). Preli-

minary analysis indicates that this gas cloud occurs at approximately

the orbit of Io, suggesting that this satellite is the source.
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Initial Pioneer I0 Results on the Interplanetary and Interstellar

Hydrogen and Helium Glow*.

D. L. Judge, R. W. Carlson, K. Susuki, A. L. Morse

Abstract presented at the Winter meeting of the APS, Los Angeles, 1972.

Recent measurements of the hydrogen Ly-e and helium 584 _ resonance

scattering as observed from the Pioneer lO spacecraft will be presented.

The spatial distribution of both hydrogen and helium can be inferred

from these data and indicate that the maximum densities occur near the

plane of the ecliptic. The result on the hydrogen distribution is in

agreement with previous earth orbiting spacecraft investigations. The

helium glow has not been previously measured. The present data represent

the first such measurements obtained over a large radial distance from

the sun and thus provide unique data on the density and velocity of the

two gases in the "local" interstellar medium. Implications of a model

consistent with the experimental observations will be presented.

* Work supported by the National Aeronautics Space Administration.
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Pioneer I0 Ultraviolet Photometer Observations of the Interplanetary Glow*.

D. L. Judge, R. W. Carlson, K. Suzuki, A. L. Morse

Abstract presented at the Winter Meeting of the AGU, San Francisco, 1973.

The ultraviolet experiment on Pioneer lO is a two channel Photometer

designed to measure the interplanetary/interstellar, and Jovian hydrogen

and helium glow at Xl216 _ and X584 2, respectively. A description of

the instrument will be given along with a discussion of the observations

obtained during the interplanetary cruise. The observed emissions from

the interplanetary gas are interpreted as arising from resonance scattering

of the solar H and He lines. Since the lifetime of neutral atoms in

the interplanetary region is short, owing to solar ultraviolet photo-

ionization and charge exchange with the solar wind, various models have

been proposed as sources for the interplanetary glow. The Pioneer lO data

are compared with these theoretical models and are found to be consistent

with an interstellar wind model in which relative motion between the

solar system and the local interstellar gas results in a flux of neutral

atoms penetrating into the solar system. The density distribution, speed

and flow direction of the inflowing gas are model parameters determined

from the flight data. Present results on both the hydrogen and helium

parameters will be presented.

* This work is based upon research reports prepared for the Ames Research

Center, NASA, under Contract Mod 7 NAS2-6558.
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Pioneer I0 Ultraviolet Photometer Observations at Jupiter*.

R. W. Carlson, D. L. Judge

Abstract presented at the 55th Annual Spring Meeting of the AGU,_

l,lashington, D. C. April 1974

A two channel ultraviolet photometer on Pioneer lO observed ultra-

violet emission in the vicinity of Jupiter during the Pioneer lO-Jupiter

encounter. The results show a Jovian atomic hydrogen Lyman-m (1216 _)

glow of approximately 500 Rayleighs and a helium (584 _) glow of

_20 Rayleighs. These data are interpreted using a model atmosphere and

radiative transfer calculations to give the effective atmospheric eddy

_ai#f,,_on,.._,coefficient and *_^_,,_loweF at,,_osp_ereHe/H 2 ratio, in addition

to the Jovian observatiot_s, ultraviolet emissions from the Galilean

satellites were investigated. Io was found to possess a bright ultra-

violet glow wth a brightness of several thousand Rayleighs and is

suggested to be due to hydrogen Ly_an-m. Ultraviolet emissions were

also observed from the equatorial plane of Jupiter when neither the

planet nor the satellites were in the field of view. These observations

are interpreted as a hydrogen cloud in orbit around Jupiter and occurring

at approximately the orbit of Io. The data are used to determine the

dimensions and densities of the cloud.

* This work is based upon research supported by NASA Ames Research

Center under Contract No. _AS2-6558.
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J(H'K'_AL OF I;E(H'II'_'_ICAI. I,tE_EARCH

._0%'E_'I_ER I. ii D

Po_,ibilil)" of O III _304-A Emissions in the Extreme Ullra_iolet AirgTgw

Dcpurtmt tit ,,J Pl,_ir.,, f',,;I rr.;# v u] R,,dhc:a (',difora, la

[.,,l A,._c!cs, (',di/_r,,i,I V*'sO;

_Pc_.lll IBt :l.llrvlllOlll_ of Pxlrl'llll" ii]lr:l_ i,,le|

;,;rglow cm;--i-n_ in the 2f10- to 4iX)-A r,.ginn

lO_q,ia n,,,I Tot.,,,at.,u. 1971; }'o,olg et hi..

197 l'] hall" I.Mvii intt-rl,rt.t ed as i.li'li.,_ion_: :iri.-illg

frOrlll l(-_oniili( e .-c;ll I f.rhi I of' .-.tar vxl el.nip till ra-

_iol-i ra,lldion lly He" i.u._. This loller i_Jinls

Uili thai ilil.-_e nll';i_tlrC'lilellls ;ind lulure airglow
ol,-orlalion._ at thi_ wavelength In;iv contain l_

..ignif_ralil contribution from doubly ionized

atolnie oxygen ions. n _l_'i_ that has l_.en

found in the iuno.-ldff're _md llas a rt_.ortaBt'_

line l,,.,rly voiiivi,h.nt _ilh the lie" line.
The lie !I r_.-o.,_::::_'e !.,:_.,. oc:::rs _: ).203 7__

A, xlhL.rea-; the 2p: 'P.-2p.'ld 'P_' Iran>ilion of

0"" occur_ at .V_03.799 A. WIh.n it i_ :l__-um-,d

that lhe .-l:,r tle II line is bru:l,lrned oler Ihe

w;l'¢eh-rlffth dlff_.rl,nee uf 17 mA (e.lq._pd. f.r cx-

:_mple, hy i.hromo.-pheric iurbulenve vi-loeity

field,), O'" ion._ i':in ab-orb and re-t,lnit lhe

.-i,l.lr lle" lhle. llldl_t, .i,ill'h I |iroct'_$ i$ wall

kllOWn in g:l.-OOilS lit.bill;if. The iinllorlanee of
O'" emi,:ions in relation to He" in the ierre._irial

,_tlllO;l'l|lerf elill _ _t_"_l b v _ conqxlrison of

the r_lwriive e,hlmn den.,iti_ appropriate for
the o1,.-ervational co,dilions and the oscillator

.qrengilts of the two ir:mfifions.

The observation of an ion wiih a mas_-to.

char;e r:,tio of S (:,-:tuned to be O") h:l$ been

re.ported by Ho_man [1967, 19{39] and Ho_-

man et d. [ 19fi9]. The rocket results of Huffman

et al. covering the altitude range 400-700 "kin

allow 0"" den_ilie_ greater than He" densities by

an average faelor of 13. Two sets of satellite

data, for which the ratio of the integrated ion

densities is ai_proxinlalely i.qlial, are also given

for tile .lltilude range dg}--]000 km. On the

other h:,nd, lluff,,an [1909] gives O'" d_.n:iti_

h._ than lie" den,hies by >1 order of m:_/ni-

rude. The u<'rllrrence of the O'" ion hai been

Co;,Ir{iht _ t97. _ by the ._mr.-'ican C_-.q.t.lG,-ll {'r,;I.

hile, ii';..lil_! th,.,r_-tir.illy b)" ll'd/.'cr lit.COl. He

-il,2,2_.:1:_ that the drift _elc,.ity of O'" in iM

r_.,_,i,m ;leo 350 Lm is determined hy the Inniiott

ill'the" dc,lnin.lnt O" h,n .aud r.aleulates :he 0""

ih,n-ity front the rate of l,hotniOhiZalion and

Ihe :llllhil_lar diffu.-ion vel,Jcit)' of O" inns. "l'b,e

r_uliing dei:.,ili_ are greater than iho_e ob-

served in the rocket mt..a.-urelilenis of Ht, ffmaa

i.t hi. h)" al,prnxiin:itely i order of Ina,,'nitiide

Alihough the O'" h,n i., not wid(.l.v oh:er',M

(po::ibiy owing to instrumental diffi.rence._ ct

large ll.nlla,ral or :p:ltial variations) and 'he

.,,.,;t..I.b, , _,,l,_. ,how i'.r_e '"":"';^_s, _e c_n- ........... ,t_ It ,ll._ i.t _ " Ill I'll I_ll

fetid thai the O'" dell-it) ,,'ll_)" be cOllll_l.irat,_

to the lte" dt nsity.

The o:¢illator >tre_:gtk t,f tl,e O III _Pr-tP. '

iriin.,ition is given b)- lt't.,'se et al. [1066]

!tO Ill) = OAt, the at,,,'i,ic _catteriP.g a|l._lo

behlg _ _ 0.95, in coln;,,,rL._,n s_ith/(lie lI) =
0.4102. It i._a_._ulned that il-,e J lei el= of the0 1I!

groul_d state are populated aecordhlg to th<ii

stati_.tieM _eight and that the two lhies lrl

_attered i_tropically. When it is a_umed that
the solar line is flat over the 17-mA wavele,gth

inter_'al and the lo_er-altitude abundances d

Hoffman et hi. for • hypothetical da.vgbt

ob.,ervation are utt, d, the relative intensities d

the two lilies are /

4,l(0 III) 2J + i

4el(He II) __, (2S + 1)

_1(O I i l)
/(He II) N(lte ll)

s (0._s)(0.11)
_'-- 1.3

(0.41_2)

0.2

A .-elf-reve_ed solar He II line woidd ilic t'_'_

ihi._ ratio. Comlxari:on Ivith the exi.,ting e_cr.L'/
llw:l..,lrt :nent., i., ,onic.:_hat msre dl._, cuh, ¢,_s_.g

t i_"S2
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tO lm,,'rl:lillli,'_ in the l'.,ri.lti,,n l,f the lwo 1.n

j<n,i,ie_, IN,lh l._lilu,lin:,lly ._nd ,lh,rn.,lly.

._]|li,}l,_Ji lJIc :_|-s% o|)-,.rv:llioli$ uf }'pla.g ,.t #i/.

[lOTl] :q'l "'.It Io he s:,_i:f:u.,nr;ly eXl,l;ii,..,l by

yei_r a.d II',.Ih'r [19T2] as .-r.'lilerin£ by lie"

!_ el,. id_-'rn_-'phrre, nn O'" ,,,nfr.'h, ti-.n ,!,._.-

:._lli t'i,tirt'].V hnl|O-,d,le.
It t_ roneluded th._t the O II! lint m3y I,, of

_lne ,'tm.'t'Clllr'nt'e in the exert.me u]lrnvir_]et

airglow, p_rti,-ul.irly for n ._,4f-rr_'er=ed :ol3r

[_ne. :rod lh, rrrore s,,me rnminn in the haer-

;:et::tlon of 204-A :lirglow lmrely in h.:rns of

lie" ,!( n_-'ith's is ._lt_._rsted.

Acl,,.,,rl_'rtg,n#nt.t. Pnrl.= of this work were

:;.;.orb ,I by .X.*,SA ronlr'3cI ._'.t.S 2-6_.

41 • I)

The Editor th._nks R. R..Melee =nd A. F. -'_';,tO"

I_r evnha._ting this letter.
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Pioneer 10 Ultraviolet Photometer Observations at Jupiter Encounter

R. W. C,_RLSO._ A._D D. L. JUDGE

Department of Ph)'_ics. Unit_erMt) of Southern California. Los Angeles. California 90007

A t_o-chann¢l extreme uhravlolet photometer on Pioneer I0 v,'•s u_ed to im, esti£at¢ h)drogen and
helium emi_ions from the atmosphere of Jupixer and emissions associated '_'ith the Galilcan satellites.
The h_drogen l)man o sit:hal observed from Jupiter corresponded to 400 R in brightness. _ using the
sesults of _Vallacc and Hunten. the cdd_ diffusion coeff, cient is found In Ix K = 3 X 10_'-'. The Hc 1 ),584-

¢mi,sion rate v,as found to be .5.1 R: The radiative transfer problem for the rcsonantl) sc=tteted Hc I
crni_ions v.as in_estisatcd in the coherent approximation With these results, the observed brightness. •nd
the deri_ed edd) diffusion coeff'_cient the He 'He rat)o in the mlxint region of the atmosphere _as found to
h¢ [He] "[H,] = 0. I1__, ,'" ". Emissions attributed to H I L_ man o _ ere found •t the orbital radius of Io
and appear to he due to resonance scattering by a toroidal cioud of H in orbit around Jupiter. The torus is
not complete, hov, e_er. but extends o,.er - 12()" of Iht orbit, approximately centered •t !o. The cloud is
less than the size of Jupiter in the _erlical c=tent, and the ob,,er_ed brightness indicates • total of _2 X liP'
H alums in the cloud.

The Pioneer 10 mission was designed to investigate the m-

tcrplaneta D re eion and the planet Jupiter and its environment

at encounter in December 1973. This mission has provided

a unique opportunity to investigate through optical

measurements the interplanetary gas and the atmospheres of
.,'ui,_,_., a,,u ,t_ _at_.*JJ_._. Ul |Jal tlk. Uldl iJ-|l.eleS[ al'e the t_,O most

ahund=tnl elements in the cosmos, h}drogcn and helium. The

slrongest optical transitions in these elements, the resonance

lines, occur in the sacuum region of the ultraviolet, and thus

their ground-ba_ed detection is impossible. A t_o-channel ex-

treme ultraviolet photometer for investigation of these

emissions was included in the scientific payload of the Pioneer

10 spacecraft and has obtained successful measurements of the

interplanetary gas and at Jupiter encounter. The in-

terplanetar) results have been presented [Judge el al.. 1972,

1973] and will be discussed in more detail in subsequent

papers. This _ork is concerned v,ith the encounter results thai

have been presented in preliminary form [Carlson and Judge.

1974; Judge and Carlson. 1974]. A brief description of the in-

strument and the trajectory is given below, followed b.v results
and their analysis.

I._STIIUMENTATION

The _eight. po_er, and reliability constraints necessitated

the choice of a simple photometric s)stcm for the ultraviolet

measurements. The Pioneer 10 uhraviolct experiment is a t_o-

ch_,nncl photometer that uses the transmission properties and
photoelectric response of matcrials to measure intensities in

t_o spectral regions. A schematic diagram of the instrument is

sho_n in Figure I. The field of vic_ is defined b)'a mechanical

collimator. Radiation transmitted through the collimator is in-

cidcn-I upon a thin film fihcr through _hich short-_a_clcngth

photons arc transmitted. These photons strike a
photocathodc, thereupon producing photoelectrons that are

accelerated through a IgO-V potential into the input cone ora
channel electron muhiplicr. The front surface of the fihcr is

used as a photocathode _ith a second electron multiplier to

detecl the ionger-,_avelength L)man a photons. "r'he pulses of

charge appearing at the anodes arc amplified _'ith charge sen-

sitiveamplifiers and passed to a discriminator. An electronic

s_itch commutales bct_,ecn the t_o channels e_.er') I_.o rolls

Cop_rtEht (_ 197,1 b) the ._mrrlcan Gcoph)sical Union.

of the spacecraft, i.e., approximately eve_' 25 s. The pulses are

accumulated over the frame period of the spacecraft telemet O

s.vstcm (_ s at Jupiter encounter). The accumulated counts are

Iogarithmlcall)" compressed to 9 bits and sampled b)" the
telemetr_' system for transmission.

A cover was placed over the entrance aperture to pre_ent

dust particles from entering the instrument and to protect the

thin film filter from escaping air currents during launch. The

co_er _,as deployed 6 days after launch.

The instrument _eighs 680 gm (1.5 Ib) and consumes 0.67

W. The angular responsecharacteristics, the spectral response.

and aspects of the electron multipliers arc discussed belo_.

Angular response. The field of vlc_ of the photometer is

determined by a mechanical collimator of the McGrath type.

The optical axis of the collimator is oriented at an angle 0, to

the spacecraft spin axis (Figure 2). a scanning motion rcsuhing

as the spacecraft rotates. The design value orS, is 20", _hcrcas

from stellar observations the actual value _'as found to bc e, =
20.25 ° :!: 0.10".

The collimator consists of a series of seven plates arranged

in the spacing suggested by McGrath 11968] with an overall

length of 10.16 cm. Each plate contains five reclangular aper-

tures _ith _idths of 0.203 cm; the lengths (and the correspond-

ing number of baffles) are 1.92 (i baffle). 1.76 (2 baffles), and

1.36 (2 baffles) cm. The long dimension of the baffles is

oriented tangcntiall) to the cone sv, cpt out by the spacecraft

re_olution. The entrance area of the collimator is A = 0.66

cm _, and the cffeclive solid angle of acceptan_ !] = 3.28 x

10 "_ st. resulting in a geometric factor of 433 photons/s R for

a uniform diffuse source. The angular response for a point

source at angles (#, A_) as defined in Figure 2 is shown in

Figure 3. The angular resolution is .58 ,. 1"

The response of the instrument to a finite extended source

such as Jupiter is obtained by inter-rating over the field of the

object, in addition, one must include the finite integration time

and the angular velocity of the spacecraft rotation.

The plates of the collimator v, cr¢ coated _ith platinum

black to reduce inlernal reflections..Mc._surcments of the off-

axis response in the near ultraviolet sho_,cd rcjeclions of ap-

proximately I0 _ for IASJ = 5 ° and approximatcl.y ICP for 1.30;

> I0". h is cxI'w.cled that the off-axis rejection is even grcatea
in the cxtrcme uhraviolet.

Spertral reJpon_e Since the h)drogcn and helium

3623
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Fi 8. !. Schematic di,_£rlan or Ihe uhraviolct photometer instru-
ment. Shon-,,La,elen[:th photons passinl_ through the field of ,in

lirn_ler and AI filter slriLe • LiF pholocathodc to produoc photoc]ec-

Irons. Tht-,,¢ e_cnts arc then amplified and counlcd. The front of the A!

film is used for delection of Ionl[er-_a_elen_th pholons.

resonance lines, at _!216 A and ),584 A, rcspccti_¢l)', arc ¢x-

pc_tcd to be the dominant features in the interplanetary and

Jovian emission spectrum, onl._ broad band isolation of these

features is required. Be-cause the h)drogen intensity is much

greater than the helium line, it is ncc_ssar) to discriminate

ciTecti_el) against it in the Hc channel. To accomplish this

_'uiiction, ,s_ ......... !. ............... ._ .____ _,_LII{ jP|llEFh_.ll$ J_|IUI. UIIII_Li;_) I.l_C_) d|l /'lil l. lll|l liJll| _lt.Cl" I_p

proximatel) 1500 ,_ thick coaled on ho_h sides with 100 A of

SiO and a LiF-coated photocathode. The transmission proper-

tiesoi"aluminum have been studied b) Hunter el aL [1965} and

others. Laborator)' experience has shown it to be one of the

most stable and shock resistant of the metallic filters used in

the extreme ultraviolet. The photocathodc malcrial _a.s

chosen because of its large pholodcctric yield at 594 _, and the

relative inscnsitivib' to H L)'man o radiation [Sam_on. 196"/;

Byram et al.. 1961].

The spectral response of the instrument was measured in

relation to the response of sodium salic')'lat¢,for _*hich the )'icld

has been found to be constant in the spectral region of inter{st

[Sam._on. 1967]. The measurements _¢rc placed on un absolute

scale, using a rare gas double ionization chamber. The

resulting cff_cicnc)' as a function of wavelength is shown in

Figure 4. For a uniform dJfl'us¢ source that fillsthe field or

view the sensitivity of the instrument at ),584 ,4, is 7.3

counts/s R and 4.9 counts]s R at 1216 _; This latter channel

_ _- _ __ -_--- - __. -:

Io

F)I_. 2. Violin S [cornetr) of Ihc photometer. The optical azis is I|

an an_le 11, _, 20" to the ,pin lZiS. "i'he an$1c cb is the clock antic
relative Io the et:tiptJ¢.

I_¢1 {oe2'eesl

Fi_. 3. A'n_ular response of the co|lira•for. The cKc:Ctive area is

sho_n •s • function of displacement io clock an_le for various

diKcrcnct's in cone angle 11 - e,.

is sensitive also to shorler-_avelength radiation, but these

emissions are much _caker than the H Lyman a signal, and

their contribution to the long-wa_dength channel can be ig-

nored. "i'hc sensitivity of thc helium channel to L)man a _ as

found to bca factor of 1000 less than that of the h_drogcn

channel. This residual sensitivity is greater than _ouid bc cx-

pectcd on the basis of film transmissions and photoelectric

response measurements and is due to photoelectrons liberated

from the back surface of the filter.

Particular care was taken to e_tend the calibration so long

_avclcng|hs in order to evaluate the contribution from

Ra)leigh scattered radiation from the atmosphere of Jupiter.

B) using the albedo of Anderson el al. [1969]. this contribution

is found to bc small, of the order of 10 counts/s.

Electron multipliers and a_ociared circuitry. The elc_tron

iO-3
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multipliers u,ed in the experiment arc Bendix mode] 4028 con-

tinuous channel multipliers and are operated with an anode to

cathode voltage of 3500 V. This results in gains of ap

proximatei}' 5 x 10' and places the multipliers in the gain

saturation mode. The pulses appearing at the anode are

amplified with charge sensitive amplifiers, followed by fixed

dead time (3 us) discriminators. The dynamic range of the

amplifier-discriminator combination is 1000el. The upper

icvel is set at !0 times the nominal multiplier output to allow

for an) indh'idual gain variations, and the lo_er limit, a factor
of 100 less than the nominal output, is designed to allo_ for

an)" gain degradation of the multipliers during the mission.

This degradation of channel multipliers with use has been of

some concern. Studies in this laborator) and elsewhere have

sho_n that if the units are properl)screened before selection.

the channel multipliers can be operated to at least 2 X I0'"

total accumulated counts _'ith no .serious indication of fatigue.
The accumulated counts in the present instrument are 1.5 X

10" for the h._drogen channel and much less for the other
channel.

The dark counting rate for the two channels is ap

proximatel) .1 counts _s and is due to radiation from the radio

isotope thermoelectric generators on the spacecraft.

TR_OECTOXY, VIEWING OPPORTUNITIES,

A_D _CKGROUND R_TES

The Pioneer spacecraft is spin-stabihzed _hh the spin axis

fixed in inertial space and adjusted to be earth pointing, and

thus maximum data transmission is provided b)the high-gain

antenna. _hich is coaxial _ith the spin axis. The photometer

optical axis is positioned at an angle of 0, _, 20 ° _ith respect to

the spin axis; consequently, the field of vie_ s_ept out by the

spin motion is an annular ring 40" in diameter that is fixed in

the celestial sphere. The period het_,-een spin axis reorien-

rations is determined by the relative earth-Pioneer trajectory

and is typically 10-20 days.

The spacecraft as seen from the earth moves _,est with

respect to Jupiter and from south to north. Conversely, an

observer moving _ith the spacecraft would scc the Jovian

system moving ,,vest to cast. The minimum cone angle P at-"

rained by Jupiter is _,10 °. The apparent motion and the

angular size of Jupiter, as _ell as the instrumental field of view,

are shown in Figure 5. It is evident from the figure that two

viewing periods of Jupiter occur, the first being centered on

day 335 at 1600 with a duration of approximately 20 hours and

the second occurring on day 337 at 2100 and lasting ap-

proximately 3 hours. (All times emplo.ved here are earth

received times expressed in UT. Pcriapsis passage occurred on

day 338 at 0310.) The planetocentric distance at these times

v, as 46 Ra (Jovian radii) and 9 Ra, respectively. The design
v;_;uc of the cone angle 0. was chosen with the prcdicled Jovian
radiation belts in mind. The first io_-resolution vie_ of the

planet _as intended to provide intensity measurements from

outside the radiation zones, and the second period was in-

tended to provide higher-resolution scans in a region _ here the

energetic charged particle background _as not too intense, in

rcalhy, the radiation belts _crc quhc dilTcrcnt than _as ex-

pected, and their influence will be discussed in a following
paragraph.

The phase angle of Jupiter at the time of the first vlcwing

period _as 30". dccrcasing to IS" at the second opportunity.
"1"he orbital motion of the Galilean satellites and the _est to

cast motion of the Jovian s)stcm across the field of _ic_

o"

I_'- s_P, axis w,-_sT

Fig. 5. Jupiter ,,ie_ing opportunities. The apparent motion of
Jupiteracrossthe fieldof viev,resultsint_o ,,'lowingperioda.

provided several opportunities to observe these planets and

their environment. Figure 6 shows the cone angles of the

Galilean satellites. The specific observations are discussed in a

following section.

, ,,_ v,,,: s_ars in ,,,_ field at cr, countcr _crc o, _i',cc,, =, class
A or later and too cold to emit radiation detectable with the

photomctcr.

The spacecraft crossed the bow shock and entered the

magnetosheath of Jupitcr on day 330, several days earlier than

gas expected. Prior to that time the photometer readings cor-

responded to the interplanetary glow, approximately 150 R of

H I Lyman o (750 counts/s) and apprgximatcly 0.7 R for the

Hc I _.584 ,_ (5 counts/s). Occasional bursts of noise duc to up-

stream high-energy particles _.ere observed and correlated

with similar obscrvations by the high-energy charged particle

experiments on the spacecraft. When the spacecraft crossed

the bo_, shock, the counting rate increased for both channels,

the hydrogen channel showing an increase by a factor of 5 and

the helium channel sho_ing an increase by an approximate

factor of 10. On the approach to Jupiter the average counting

rate increased in both channels, with fluctuations correspond-

ing to the rotation period of Jupiter. The observed intensities

and temporal fluctuations, particularly for the helium channel.

correlated very _,ell _.ith the high-energy particle measure-

......
_lSr 332 ,S33 S.,_ S_J_ _ 3,.Vt

Fig. 6. Satellite vie_,ing opportunities. The cone angle of the
Galilean satellites (l-IV) is sho_n as a run,ion of day. The 20" field is

shod, n; each crossinl_ of this llne corresponds to an ob,.cr,,i_ oppor-
tunit).
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merits as obtainr.,d by the University of Iota experiment and

others, this correlation suggesting thai the background counts

_cre due to" the secondar)' electrons and 7 ra)'s produced by
these energetic particles. Occasional anticorrelation t ith the

helium channel and high-energy data was observed in the

h)'drogen channel, implying an additional source o[ back-

ground counts for this channel during those periods. A

. possible candidate might b¢ a hlgh-temperatur¢ plasma that
• could enter the open field of view limiter.

Even though the background counting rate was relatively

high, successful ultraviolet observations could be obtained,

oting to the spin scanning of the spacecraft. The background

was observed to be general])" isotropic, thereas the optical

signals tore highly .directional. Therefore the ultraviolet

signals could be identified as features of small angular t idth

superimposed on a slot]) vaDing background.

_ In addition to producing the background noise counting

rate, the radiation belts of Jupiter influenced the experiment in

anothcr fashion. On Dccembcr 3, 1973 (day 337), the flux of

cncrgctic electrons and protons shot.ed a rapid incrcase. A

corresponding rise in the background was observed in the

present instrument, the relative increase being greatest for the
helium channel. On day 337 at 1500 a maximum was attained,

followed b_ a decrease in the background rate, even though
the proton and electron fluxes continued to increase. This

,4_.._c,. _,,, du_ to a !e..m.po._a.,'_• t_ec e,¢,.,.,.,,;_;,.;,}.. ;,-,rl..A k..
the end or da) 337 the count rate [or both channels had been

reduced to a fee counts per second, te]l bclot e_en the in-

|erplanctar) value. Consequently, no uhraviolet data _cre ob-

tained during the second vieting period of Jupiter. This unfor-

tunate degradation of the instrument senshivhy was only tem-

poral', hot cver. After the spacecraft ]cft the vicinity of
Jupiter, the counting rate gradually returned to the in-

terplancta D' valuc within a time scale of several days. This

behavior leads one to suspect that the loss in sensitivity was

due to damage to circuit components and subsequent anneal-
ing.

OBSERVATIONS OF JUPITER

E,xperimenla! mea_arements. Successful mcasurcmcnts tore.

obtained in both channels during the first observation

period. The Iong-_'avelength channel results are shown in

Figure 7, and Figure 8 shot's measurements obtained in the

shon-_aselength channel. The clock angle ¢, of Jupiter during

this period was ¢ = 20" and is indicated in the figures. A

feature at this angle is evident in both channels. For both

channels a constant background level has been subtracted, the

_OO I i I ] I

400 11

I00

IOeg,ee's)

Fig. 7. H)drogcn L)man o ob_rvat;ons of Jupitcr. The predicled
clc_ck angle of Jupi;er is indicated '_ith the arro,*. "i'hcob_r_e..d count
rate corrc_ponds to 400 R.

'° 1
%

o _o

i -
t e I

¢_(deg,ees)

Fig 8. He ! X584-_ ob',¢_'ations of Jupiter. The p:edicted cloca
angle of Jupiter is indicated v,-ith the m-ro,*. ]'he observed count rate
corresponds to 5.1 R.

amount resulting being _3500 counts/s for the first channel

and ~300 counts/s for the second. A small periodic noise com-

ponent can bc seen in the data. This is duc to a strobo_opic

eli'=re in the integration period then the background level is

varying with time. The emission rates corresponding to these

measurcmems for a uniform diffuse disc can be obtained after

consideration of the spectral response, integration, and

averaging times and the geometry of the observations. The in-

terplanetaD' background also must bc included. If it is

a_surnecl that the ob_er, e.d emissions cc_r.respond to the H I
),!216--_ and He I X584-.-_ lines, then the emission rates corre-

spond to 400 R and 5.1 R, respectively. This assumption is

quite reasonable and is discussed in the appendix.

Inlerpre;alion of the _,ydrogen L)'man ,_ glow. Molecular

hydrogcn in the upper at mosphere of Jupiter is dissociated by

the incident solar extreme ultraviolet radiation, Principally

through the folloting ionospheric reactions: H. + hv _ H_" +

e. Hf' + H,-- Hf' 4- H. and H," + •-- H, 4- H, with minor

contributions from photodlssociation of H_ and other r_c-

lions. The subsequent chemical association of h)drogcn atoms

is through three-body recombination reactions, i.e.. H 4- H +

M -- H, .4- M in lower regions of the atmosphere. These reac-

tions are relatively slo,,,, and a significant concentration of

h)drogen atoms can result. The resonance line of atomic

h)drogen. H ! Lyman a, is a strong feature in the solar spec-

trum and can bc scattc,ed by the ambient h)drogcn atoms,

this scattering producing an ultraviolet emission feature. Other

mechanisms that can contribute to this glow include radiative

recombination of ionospheric protons, photoelectron excita-

tion, and photodissociative excitation. Hot'ever, as is dis-

cussed in the appendix, their contribution is relatively small.

and resonance scattering can be considered the major excita-
tion mechanism.

The concentration of atomic hydrogen was first considered

by Zobriskie [1960], Shimi:u [1966]. and Gross and Rasool

[1964]. Subsequently. Hunten .[1969] shored that inclusion of
eddy diffusion would increase the dot nward transport and the
H recombination rate and thus reduce the calculated densities.

He furlhcr pointed out that a mc.zsurement of the L)man a

glot could be used to determine the eddy diffusion cocfficlent,

since the intensity of the h)drogen glow depends upon the

total H column dcnsit)'. Shimi:u [1971] has computed the

h)drogen atom distribution for various values of the eddy

diffusion coefficient and levels of solar activity along with the

thermospheric tcmpera!ure profile and its variation _th solar

activity.
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The predicted Jovian atomic hydrogen column density may

be opticalb thick at the center of the resonanc_ line, and one
must resort 1o radiative transfer calculations to r¢lale the

column density of H and the resulting [.)'man a day glow in-

tensity. The curve of gro_lh of the predicted ]..)man cr inten-

sit)' as a function of the H column abundance was calculated

by Carlson and Judge [197i]. "]'his problem has b_n con-

sidcred more recently b)" If'a/lace and Hun;en [1973], who in-

cluded the effccl of absorption b)' a nonuniform distribution of

CH,. The rtsults of the two sets of calculations art in quite

good agreement. ,.

In the present _ork w© use the results of Wallace and

Hunten to determine the effective edd) diffusion coefficient K

for the upper atmosphere of Jupiter. It must be recognized that

the L)man a gloa depends not only upon the edd) diffusion

coefficient but also on the intensity of the solar Lyman a line,

-the rate or production of atomic hydrogen by the solar extreme

-ultraviolet. and the temperature of the Jo_,'ian upper at-

mosphere. These three quantities vat7 with solar activity and

must be considered in interpreting the intensit) data and com-

paring with other obse_'ations. The solar Lyman ,-, intensity

was adopted from the measurements of Vidal-Madjar et al.

[1973] and their obse_'ed variations of the line c,¢nter intensity

with the Zurich sunspot number Rz. The solar ultraviolet

flux was obtained from the values of Hinteregger 11970],

and the variation with _ola_r =_ctivity was reIa!e_ Io the

10.7-cm radio flux. the measurements of Hall and Hinteregger

jl9";0] being used. Wallace and Hunten presented theoretical

L)man o reflectis'ities for temperatures of 1500K and 2500K.

The temperature calculations of Shimi:u [1971] suggest an ex-

ospheric temperature betv, een 130°K and IT6OK at solar

minimum (v.hich is appropriate for the present observations);

consequently, the reflectivities at I50"K ,_ere considered ap-

propriate for interpretation of the present observations."

The reflectivity obtained from Pioneer 10 and referred to

zero-phase angle was 4,1/lrF = 0.052 and is indicated in Fig-

ure 9 as measurement C. The resulting value for the eddy

diffusion coefficient is A" =- 3 X 1(7' cma/s, although the uncer-

taint)' in the experimental measurements allows a possible
variation of 3 X I0' to 3 X 10' cm' cm-L

Two other measurements of the Jovian L)'man e glow are

indicated in Figure 9. The sounding rocket measurement of

ROllmQn et al. [1973] corresponding to 4.4 kR is shown as

measurement A and was obtained on Januao" 25, 1971.

Further measulements _,ere obtained by E. B. Jenkins, L.

Wallace, and J. F. Drake (private communication, 1973) with

the Copernicus Orbiting Astronomical Obser,,'ator) on June

21. 1973. A simple averaging analysis of their data indicates a

brightness of I kR, whereas a more accurate least squares fit

)acids 660 R "1- 350 R at the 70_. confidence level. The latter
result is shown in Figure 9 as measurement B and is in substan.

sial-agreement with the present measurements. The discrep-

ancy in reflectivity betv, een the Rottman et al. results and the

Pioneer and Copernicus measurements is roughly a factor of 4

when variations in the solar Lyman a line and the production

rate of atomic h)'drogen are taken into account. Variations in

the exospheric temperature also must be included. Wallace

and Huntcn find an increase of approximatel) 50qE for a

temperature increase of 1500K-250°K. On the basis of the

temperature calculations of Shimizu and the solar conditions

al the time of the rocket measurements, the higher temperature

is probabl) more appropriate for the rocket observations, and

the discrepant') is reduced to somewhat lessthan a factor of 3.

it is possible that the rocket measurements and the Copernicus

measurements included contributions from the h._drogen

cloud. The Pioneer 10 measurement of Jupiter reported here

was obtained _hcn Io (and the H cloud) was at greatest

elongation as seen from the spacecraft; thus lo contributed lit-
fie to the Jovian signal.

A lo_er limit of7 X 10' cmas "_ for Khas been suggested by

J'eoer_a et al. [1974] on the bar_ of the observation of struc-

ture in the refractivity profile observed in the _q Scorpii occulta-
tion. M. Shimizu (private communication. 1974) has estimated

theoretically the eddy diffusion coefficient for the Jovian at-

mosphere b_ investigating the dispersion relation for internal

gravity waves, He finds K =_ 10'-l(P cm a s -I, in reasonable

agreement with the present Io_er estimates.

Interpretation of the helium glow. Consideration of the

various mechanisms for producing the Jovian extreme ul-

traviolet £.low leads one to the conclusion that resonance

scattering of the solar He line is the major excitation procx-ss

(see the appendix). The atmosphere is expected to be optically

thick, and the process that limits the intensity of the diffusely

reflected He line is absorption by Ha. The situation can be

described with the aid of Figure 10, _hich shows the profile of

the He resonance scattering cross section (the Voigt profile)

and the Ha absorption cross section. At the line center the

resonance cross section is much greater than the absorption
/u ...... ,-,•-,n¢¢.......... =,.,.,;,-,,,_..,,.._--a ,,"He = gas., v=,,_ predominantly..,,c.at ter at

that wavelength, if He and Ha _¢re mixed equally, the gas

_ould behave roughl) as a scattering medium out to _i5

Doppler units from line center and as an absorber outside this

interval, if the relative amount of Ha _ere increased, the fre-

quency interval over which scattering would occur _ouid be

decreased, the result being a more narrow and less intense day

glow emission feature.

An additional comp]icatioo to the resonance scattering

"" 0m
a.

,.._L__t

I 1 t !

°°os ,o6 *o" - ,o' ,o" ,c °
g tom;t __c"l)

Fig. 9. Ls man o refle.,clivit)' of Jupiter. The theoretical curve is
from H'ollace ondH,nren [197.1] for 15.0"K. rcnormalized to the solar
flux salue •t encounter. The refle,,ctivit) is • function of the ratio of the
edd) d_ffusion co¢ff:icicnt to the H atom production rate g'c ha_e u_d
4 X tomcm "=s-' for the latter quantity. Experimental m_=,_urc.-nen! A
is from RoHman e! al. [19731; measurement B. E. B. J¢.-.iins, L.
Wallace. and J. F. Drake (.prb.ale Communication, 1973): and
measurement C. Pione.¢r I0. The theoretical estimate of M S]'.imizu

(pri_atc communication. 1974) is shov.-n as, mezsu_cm:nt D. and
m_a_urcmcnt E is the Io_*er limit from I'e_.erLa el al [19T4].
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Fi& i0 _aiicrin_ cross _ccfion ;or He and mbsorpdon cross sec-
tion of Hs These x'alu_ are sho_n as a function of the separation
from line center in uniu Of *,.heDoppler v,ldth.

problem is the nonuniform mixing ratio of He and H, in the Jo-

vian upper atmosphere due to the gravitational separation of

these gases. It has bccn found that planeta_ upper at-

mospheres can be described _'ith two regions, separated at a
transition level termed the turbopause. Below this level,

mechanical (edd)') mixing dominates, and the gas is uniformly
mixed. _hercas above the turbopause, molecular diffusion is

dominant, and dilTusiv¢ or _ravhational separation occurs.
The turbopausc is located at the density level where the

molecular and eddy diffusion coefficients arc equal and for the

present results occurs at approximately the 10"-cm" density
level.

The two other parameters that describe the upper at-

mosphere arc the temperature profile and the ratios of tel

various constituents in the lower mixed region, in this case the

ratio of He to H,. As is discussed above, a temperature of

150°K appears to Ix a reasonable estimate for the present

case. "l'be remaining parameter, to be determined from the

helium measurcments, is the mixing ratio • (by number) of Hc

and Ht: • = [He]/[H,].
The radiation transporl aspects of the Jovian helium glow

was discussed by Carlson andJud&e [19"/I]. It _as noted there
tidal the frequent-)' redistribution in the Doppler core could bc

described with the complete frcqucncy redistribution ap

proximation, _bercas scattering in the radiation damping

w/rigs could be treated as being coherent. Since the Doppler

core is probably saturated, o_ing to the largc optical depths at

the line c_ntcr, it might be expected that thc coherent ap-

proximation can Ix used for the entire line. Wallace [1971] has

examined the frcquenc) redistribution problem for tcrrcstrial
O I ).1300 A and found thai the coherent approximation o_,er

the entire distribution is indced quite suitable _hcn one is

calculating the pTanctary albedo. Con_,cqucnti)', completely

cohercnt scattering is assumed in the prcsent v, ork. We neglect

polarization and assume isotropic scattering. The latter

assumption is perhaps a poor one for helium, _hich scaTterS

according to the Ra)'leigh phase function; however, the effect

of multiple scattering should reduce this influence.

At each level in the atmosphere and at each I'requcnc) x (in

Doppler units) from the line center an optical depth can be
defined as

T(x. =) -- o,,.(x)_'(H_lz ) + o,..N(H,!-) (I)
• t

where zero optical depth occurs outside the atmosphere and JV

represents column densities at the altitude z. l-he resonance

cross section of He is oa,(x), and o_, is the H2 photoabsorp:ion
cross section. At the same altitude _e define a single scattering

albedo _(x. z) as

_,.,(x),,(H • lz)
CKx, z) = #a.(x)n(He]_.) + oa.n(H, Iz) (2)

_here n represents the corresponding number density at

altitude :. If the altitude z is rercrcnced to thc turbopausc, the

number densities are ll|'allace and Hunten, 1973]

n(H,l_) = nee -''H (3a)

n(He]:) : rn,(e-'_'ll + _') (3b)

_hcrca.s the column denshics arc found to be

^'(H,[:) = .,f/e-"" (_)

^'(HeI:) = rn,Hle-"" - in (i + e-"")] (4b)

Hcrc n, is the H_ densit) at the helium turbopause and is deter-
mined from

• n, = b/K (5)

whcrc b = i.gl x 10" cm -= s "_ [H'allace and Hun_en. 1973].

The scale height for molecular hydrogen is denoted b)' H. By

using (1)-(4), the effective single scattering albedo can be

found and is sho_n in Figure 1 ! for various frequencies • as a

• function of the optical depth at that same frequent')'. The op-

tical depths at _hich the turbopause is located also are shown

in the figure.

O

O8

aS

k,,

O_

02 _

OI I K)

I"

Iris. I I. Effcc'ti_,e single sc.attcring alma. The ,,•tue arC. l _ showTJ
for _.larious values or x in the line profile as • function of.the op:ic::a.I
depth in the atmosphere at the same z. The location of the lurbopaus¢
is indicated for the _,larious C'u_,."_.
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The radiative transfer equation in integral form" is written

r

s(,) = so(,-) + ,:,(,') J s(,,,)_,(ir - f'l) dr' (6)

_hcre S(r) is the source function and is the emission rate per

unit area per unit optical depth per Doppler width. The driv-
ing term $,(T) represents the absorption and reemission of the

solar line,

- AXn

St(r) = TF -_, c_(r) exp (-- T//_) (7)
t

_here fF is the total incident line flux. AXo is the Doppler

idth. and '_X, is the effective width of the solar line. The solar

zenith angle is cos -= #,.

The equations _cre soh'ed by iteration for various values of

K. r. and ja, at several values ofx in the line. From the resulting

source function the apparent emission rale 4rlbu) then one is

vie_Tng the atmosphere from outside at an angle cos "=,u was
.found as a function of x from

/.

41rI0_) = J S(r'k -''/° dr'/IJ (8)

The resulting line profile is shown in Figure 12 for K = 3 X 10'

cm _ s-' and _ = #. = I. The total intensities _ere found by in-

tegrating over the line profile. The results of the calculations

are given in Figure 13.

The experimental observations _*ere normalized to the fine

ptuiSlc measurements of the solar He ] resonance line obtained

recent]) b) G. Cushman and W. A. Rense (private com-

munication, 1973). The)observed an effective _idth of',;',, ==
120 mA, ,,_hich combined bith the observed value of5.l R and

the total intensity of the solar line scaled from Hinteregger's

measurements gives the value indicated in Figure 13. The

resulting helium 1o molecular h)drogen ratio (b_ number) ap-

propriate for the mixing region of the atmosphere is • = 0.18.

The uncertainty in determining K by the present method leads

I0
! ! ! • i

K. ],X IO I

I

tat.
k

O.!

0-0___

O0_ J l P ! Y_
0 b I0 I_ 20 _

• (O=;;);e, un,%)

Fi.e. 12. Theorclical line profiles for the He line. An odd) ddTusion
co¢ff,clcnt of 3 X 10* cm t S-' vat used. Results for three diKcrent
iH¢] '[H,] ratios are shot, n.

SO . , _ .

: 02 A t Ig, g, g, =
b,]/l.z]

Rg. 13. Curve orgrowth of=he He ! XSg4-A line from Jupiter. The
intensit) of the line. relative to the width and flux of the solar fine., is
sho_n as a funclion or=he [He]qH=] mixing ratio for vdrious val-_ of
K. The upper bar corresponds =o the Pioneer |0 measurement&, and
the Iov,cr is from the/_ Scorpii occultation. Both measuremtnl.s give
[He]/[H=] ,,= I/5 but _ith rather large enor limits.

to a corresponding uncertain=) in r, admitting values ranging
from 0.06 to 0.60. Somebhat similar results were inferred from

,ho...._,AS_rpii .._.,....,_,,h":^- measurements b) Elliof ei al, [1974];

the)' found a value oft = 0.19 with error limits similar to the

present results. Their results also are indicated in the figure.

Consideration of both experiments suggests that the at-

mosphere of Jupiter is relativel) hydrogen rich with a probable

He/H= mixing ratio of approximately V,. These results are

consistent with solar abundances ([He]/H=] = 0.1 i) [Hunlen

and _f_nch. 1973]. although even these parameters are not ac-

curately known [Hirshberg. 1973]. The present helium data

can be used to determine a more precise helium to hydrogen

mixing ratio if the edd) diffusion coefficient can be determined

with more precision.

SATELUTE-RELJ.TED OBSERVATIONS

-Eaperimenlal measurements. As is shown in Figure 7, the

Galilean satellites crossed the field of view several times, owing

to the orbital motion of the satellites and the relative easterly

motion of the Jovian system. However, no obvious signals
_ere observed in either channel until the field of vicb came

_ithin _6 Ra from Jupiter. the orbital position of Io (Jl). The

possibilit) of beak emissions associated with the outer three

Galilean satellites is not ruled out-but will re,quire further

anal)sis. In the present _ork we report only on those hydrogc'n

channel emissions associated with Io. The present stage of

anal)sis is necessarily incomplete and should be viewed as a

preliminar) report.

The cone angle oflo is shown in Figure 14 as a function of

time, along with.sample measurements, plotted versus clock

angle, obtained at the indicated limes. Approximatel) prior to

day 333 at 1200 no features _¢re observed (part A in Figure 14).

Signals _ere observed, beginning at approximately day 333 at

1500, then the field of vieb crossed into the orbit of io but

before !o itself entered the field of view. The signals continued

as Io crossed the field ofvic_ (part B in Figure 14). Following

this crossing the feature has absent for several hours (part C in

Figure 14). The emission signal returned approximately on day
334 at 00CX). before Io entered the field of _c'_ (pan D in Figure

14) and continued for approximately 12 hours, lo and
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Fig 14. Obser_'ations relalcd to !o and the h.vdrogen cloud. The
cone angle of io is shown as the middle heavier curve as I function of
lime. The inslrumcntI! ¢on¢ ingle of 20* is sho_sn as the vertical line•
SarnpIc_ of H channel data arc shown for the indicatcd times. The
clock angle of Io is shown as the short _crtical bar. The leading
and trailing ¢..dgesof the H cloud arc J._etchrJ5in and indicate an
,ngular txlenl of -120". The times of !o eclipse ingress (E¢. i.) and
¢¢hp_c e¢rcss (Ez. E) ohm, arc and;coiled.

Gan) medc _crc in the field of,'i¢_ only • small fraction of this

time, and these satellites could not contribute ditcctl)' to the

observed signal during the remaining observations, owing to

the oK-axis rejcclion properties of the instrument. During d•)'

335 Jupilerwas in the field of view; however, the planet had

left the field of vie,' urly on day 336. Signals not attributable

to Jupitcr _erc obscrved for approximately g hours, during

_hich time !o pas_cd through the ficld of vicw (parts H and !

in Figure 14). Finally. Io _as in the field of view for a very

shoe1 time on day 33"7 st 1300, and emissions _cre mca._ured at

approximately the same time (parts J, g. and L in Figure 14).

Ho._e_er. the time duration of the obser_cd signals _ •s longer

than that requirc_ for |o to pass through the I" f_eid of vie_.
Interpretation. Sincc the emission fc•tures under discus-

sion _cre observed in the long-_'a_cicngth (hydrogen) channel

onl) and since h)dlogcn is so abundant and the L)man ,', linc

is readil) produced b) resonance _•tterirg. it is • rca._onablc

assumption that the observed emi_sions corlespond to the H !

L)man o line. There arc man)' othcr possibilities that can Ix

cons;doted, for example, the photodisso,:iati_¢ cxc'hation of

Ha. hut rc,or, antl) _cattcrcd L)man a secret an attractive in-
itial _s_u.'T.pt;On. The mea_urcmenLt ;nd;¢ale that the source of

Pio_tta 10 Misslo_

thcsc cmlssions is as_oclated with !o. since their occurrence is

correlatcd with crossings of this satellhe through th_ field of
vicw. "J_hevolume producing thc._e emissions must _bc much

largcr than J! itself, since signals ,*crc ob._cr_ed _hcn Io was
_'ell outside Ihe field of view.

These facts can 1x interpreted •s • h._drogen cloud in orbit

• round Jupiter •t the orbhlJ l_sition of Io. similar to the

h_drogcn cloud suggested b)" M[Donou&_ _nd Brice [1973]
for Titan (S-VI) and posset)" th_ satellites of Juphcr. The)"

point out that •toms that can-escape from theso:satellitcs

probablj do not possess sufficient ener_ to c_capc from the

vicinit) of the planet •nd •re bound in closed o_bi_ _nlil the)"

• re lost b)" ionization or recapture. These orbitirt_ •toms

_ould tend to produce • toroidal-shaped cloud, lb_ densh)
(and its distribution) being dctcrmined b)" ionizatic_ Ios,cs.

The cloud obscr_ed in the present mcasurcmcntJ is not •

complete torus, sincz signals _cre observed on1)"durid E con•in

portions of the Ionian orbit. The l_ding and trailin# bound-

aries of the observed cloud •re indicated in Figure 14 and

correspond to the timcs when the sign•Is appears! or dis-

appeared. From these measurements Jt is estimated thmt the or-

bital extent of the cloud is •pproxim•tel)* 120 °, i.e.,lone third

of • torus, and is •pproximatcl)' ccntere.d •round !_.

Although the angular resolution normal to the ¢l:lu•toH•!

plane of the Galilcan satellites is too coarse toc_llo_ •

detcrmin•tion of the vertical cxtcnt of the cloud,-'_, up_"_"

limit to this dimension can be obtained with thedrollox, ing

consldcr•tions. At the end of day 333 the cmiss_hs _,cre

absent for • short period, even though the cloud _ in the

field of view. Howcvcr. the viewing gcomctr3'nKnd the

orientation of the orbital plane at that time _crcall_h that

the instrumental field of view intersected the shado_ of Jupiter
at the orbit of Io. Since no emissions _ere obscr_l:f from

the shadowed cloud, the observed emissions •re dub_o solar

etch•lion, e.g., resonance scattering, and the _enm_ cloud

dimensions must be less than the diameter oft _lupit_.

McDonough and Bricc argue that the vcrlical dltmcnsion
Az should be related to the orbital radius R, tl_sorbita_

velocity II, and the mean atom velocity (after csealpe) _r)

"as &z - 2R((v)/Y). These results imp1) that (o) <. 3cgmis.
If one assumes that the vertical dimension of thc._clcl_d is I

Re, then the observed counting rate leads to _,rsurfac¢

brightness of _300 R and • radial columndcnsity of--._.X 10 _t

cm -_. The corresponding radial opt!col thicicncss is _keLofthc
order of unit), and the optically thin single sc•ttcring Idsump-

lion usr.zl to derKe these densities may not be totallv,_tc_urate.

The total number _,' of atomic hydrogen atoms in Ih¢_cloud

can be obtained from the angular size with the rcsu_,_ 2 X

10u and is independent 0f the •ssumc, d vcrlical thinness

single scattering is appropriate. 7-or:

h is quite reasonable to associate the source of the•go•toms

ith processes occurring at io, particularly sincc thi_rl_tellite

_,ppcars also to Ix the source of • sodium cloud [B.._-_ _m_

Cho_'ee. 1974; Troflon el ol.. !§74]. AfrEIroy el ol. [_:_ have

suggested that photodissoclai-ion of a postulatr._ p_l'_+, at-

mosphere [cf. Sinron. 1973] _ould ploducc abund_lcqu•n-

titles of h_,drogen that can rcadil)' escape from the pliant. "i'hc
relative amount of atomic and molecular h)dropj:_=is not

easily estimated, hov, cver. and ,_ould requir©x_l_fl, ailed

photochcmical calculations. Motson el al. [l_-}chavc

suggested that the source of the obser_,e,d Na is sputteriP_flom

the surface of i0 b)" magnctosphcric parliclcs. This I_c4htar.ism

_ould also bca source of neutral h)drogcn from thc_'_cr_ng
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of ices,which may occur in shadowed regions [Ig'at._onel al.,

1961]. and prcviously absorbcd protons [Gut! and POller,

1970]. An additional mechanism for producing neutral

h)drogen would be ncutrallzatlon of magnctospheric and

plasmasphcrlc protons in the atmosphere of Io.

Tbe lifetimeor the atoms in the cloud can bc estimated in

order of magnitude from the follow'ing.For atoms thatescape

from !o _'hh mean velocity (c) tangent to the orbit the relative

chan£= in orbital pcrlod r is 51/I "- 3((c)/l'), w'hcrc I" is the or-
bital v¢loclty or lo (Y - 17 km/s), if the mean lifetime berorc

loss by ionization or charge cxchaJ_gC is r, then the an_ular

_paration betu,-_n ]o and the point of loss is _,e - 2rx_l/P,
or • - Ir_e/6_r(v)= I/3R._e/(u).

The mean expansion velocity (_) for atoms ©scaping

from an ¢xosphcr¢ at temperature T is [Chamberlain, 1963]

(r)_" [I/(3)"J]U,,*hereU "=(_T/M) "s.If I_0°K isassumed,

U =,..I.6lira/s,and (c) :, 0.9 km/s. resultingin the lifetime

• -" 2 X 10 m S. This cstimatc is rather rough; a marc

accurate treatment would include investigationof the three-

bad)' problem in addition to further analysis of the obser-
vations.

The lifetime a_a;nst photo-ionizatlon is much greater lhan

the present estimate (3 X I0 a s), this fact su£..ecsting that charge

¢_changc _'ithmagnctosphcric and plasmasphcric protons is

the dominant lossmechanism, producing slo_ ions and fast

neutrals that can escape from the planet. If the protons in-

vohcd in the charFe exchange arc a_,,ociatcd whh l to_-cncrgy
!he., ma! p!as_8, fo.r ,_ hich th.- ch_r_c c'..ch,n_.¢ c;os_ ._cc_on :.5

e ,k4 X 10.-4.cm °IF'lieel al..I9b0]. then the fluxof protons ¢b

required to produce the observed lifetime is ¢_ " l/vo _ 10'

cm-' s". Fm a corolatin_ plasma the ,,clue•l) relative 1o Io
and the cloud is -60 km/s, and dens•tics of -200 cm "* would

hc Icquired if intcractlon wilh such a plasma were the onl)" loss

mechanism. This density is somewhat higher than that

calculated by I_annldis and Brace [1971], its higher value

suF,_c_tin$ thai the hlghcr-cncrgy plasma also may bc clTectivc.

In the vcr) earl)' analysis of the cncountcr data [Judge and
Carbon, 1974] it was noted that perhaps lo itself _,'as 8 source

of uhraviolcl emissions• Further analysis of these data

indicates that most of the ob_,cr_cd emissions, if not all.
can originate ham the cloud.

SI.'MHARy

The Pionccr I0 uhravlolct photometer experiment obscr_cd

h._drogcn and helium cmisslons from the atmosphere of

Jupiter. The H I L)man -, rcsuhs v, cr¢ used for determining

the cdd)-mixing coc_cicnt in the uppcr atmosphere, } iclding
A" "* 3 X 10'cm_l -j. B)' using this value and the He i XSg4._

observations, along with radiative transfer calculations, the

lower atmosphere mixing ratio of He and H_ _as found to be

[He]/IH,] _- 0.IS. Nchhcr s'alue is _cr) precise, hut the)do in-

dicate a H_ rich atmosphere _hh rather mac edd) mixing
th_,n l_ad previously bccn estimated.

Observations oran extended atomic h)dro£cn cloud in orbit

around Juphcr were obtained. Thc cloud occurs at the orbit or

1o and is less than 2 Ra in vertical thickncss, h extends -120 °

,,round the orbit and is approximatcly ccnlcled at Io. The

preliminary cstlmatc of the cloud conlcnl is -2 X l0 u atoms
_ith a mean Jifctlmc of -2 X I(P s.

APPENDIX: EXCITATION or ULTRAVIOLET

EMISSIONS AT JUPITER

Two h)pothc_._s used in the present work arc: (1) the major

features in the c_trcmc uhraviolct spc_rum of,/upilcr a_c the

H I X1216-_ L)man o and He I X584-_ line•and (2) lhcdomi.

nant excitation mechanism is resonanc_ s_altcrlng of the inci-

dent solar lines. Such assumptions arc usually made in intcr-

pretalion of lcrrcstrial and planctar3r sl:_ctropholomctric

measurements, and although cxpcrlcncc has sho_n that they •

art generally" valid, they art or sufficient imporlancc that

justification is required. "]'he purpost of Lhis appendix is to

¢valualc 1he importancc of othq: _xcital;on proctsscs and

emissions, including those due to p_otod;ssociativc and photo-

;onizalion ¢x_lalion, photocleclron cxcitalion, and ion recom-
b]nation rcaclions.

The formation of the Jovian u|lraviolct day glow b) pholon

¢_cilalion has been considcrcd by Carlson ar_ Ju_e [1971],
and Olicero el al• [1973] havcc_IculMcd the contribution from

pholr<Icclron excilalion. Ahhou_h these studlcs indicate that

lhc major components of the spcclrum _'_l bc the Lyman a

and XSg4-_ lines produced b) resonance scattcHng all.he inci-
dent solar resonance line's, the numerical values must be rc_z-

am•ned in light of marc rc_ccnl solar flux measurcmcnLs. Ad-

ditionally, one must consldcr the solar cycle variation of the

solar ultraviolet, since the lime of the Pion,','r 10 encounter

corresponded to 8 vcr_ low level of so]ar activity (the ap-
propriate 10.?-_m flux was F_M " 72 X 10" _," m "_ Hz "n. and

the Zurich sunspot numbcr _'as R.z ",- 5). ]n this _'ork _c have

used the solar flux values rccommcndcd b)" Hinleregeer [1970],

scaled to the low solar activity at enco_un!¢T.

The L)man o line can Ix produced in H, gas through

pholodissocialion in the 3OU- to 850-.'_ region.via the B'_a___"

continuum• Nearly escr), photon absorbed in this coition _'i11

produce Lyman o emissions; using the scaled solar flu_,cs and

averaging over the planetary disc, wc find =,30 R due 1o this

process.

This line can be produced also via the dissociative ¢xcilation

or H, by photoelectrons. Olivcro ctal. have calculated for con-

ditions of medium solar activity that 180 R of Lyman o w'ill
arise from this process• Not only must this value bc scaled for

solar activity, but the solar flux model [Nisbel. 1970] cmplo) ed

in Ihcir calculations appears to ovcrestlmatc scriousl) the

short-_-avclcn_lh flux. i.e., the flux in the region thai produc_

the ¢xcitin_ pholoclcctrons. For example, in the I00- tO 200-,4,

region the mode| appcars to be a factor of 8 higher than the

corresponding Hinlcrcggcr valucs. This mechanism is

¢valuatcd here by using the appropriate solar flux, the ¢xcil.a-

lion ¢11_clcncy of Miles eta]. [1972], and simple cncrlD"

arguments, )iclding .5-10 R of X1216 _ for this p_r.oc_.

H)dro£cn resonance racl_ation can he'-produced also in the

radlativc recombination of ionospheric protons. The ion dco-
sit)" profilc has bccn computed by various investigators, most

recently by Capone and Prasad [1973] and Alley• el al. [1974].

With • peak electron and proton dcnslty of I0 _ cm "_, an ion
_calc height of 100 km. and a rccombination rate coefficient of

6 X 10"" cm _ s -_. approximately I R of Lyman _ _ill bc
produced. Since the major clcctron-ion recombination

mechanism in the Jovian ionosphcrc is probably dissociativc

recombination of H_*, th¢ possibility of producing c_cited

hydrogcn atoms in this process should be ¢'valusled. The

potential surface of H_*, w'ith dissociation product._ H 4- H 4-

H °. has been calculated by C_[:madio el a]. [1970]. w'ho find a
dissociation energy of approximately 9.5 cV. w hich is -I.$ cV

Ixlow the cncrgy re.J:iuirc_ to produc_ Hen - 2) -II- H_(X_._ °,
c'" - 0) through dissoc-iativc rccomblnation. Thcrcforc if H,"

is produced in the Eround state or with lhtlc vlbrafion_l

cncf_'), it is cncr_clicall) impossible 1o p_oduc¢ 1he L)rnan -,
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line through this process. Similarly, if there is vibrational deac-

tivation of He" or if the H= is produced in vibrationall) e_cited

or triplet states, no radiation _ould be expected.

The He I X584-,k line can be produced by photoelectron ex-

citation in addition to resonance scattering. The calculations of

Olireto et el. [1973] indicate that only 0.03 R of X584-_ radia-

tion _ill be produced in this process, and this _ould be

reduced when solar flux considerations are taken into account.

- Ionospheric He" is a very minor component, and neutral He

emissions arising From radiative recombination will be negligi-

ble. The high excitation potential of the He line _ouid seem to

preclude an) chemical excitation of the line.

Other features that might be considered to be present in the

ultraviolet spectNJm, of Jupiter are Lyman B, the L)man and

Werner bands of H,, and the He I! X304-_ line. The Hr_ con-

tinuum requires such specialized excitation conditions that it

will surel) bc inconsequential. If the H atoms are optically

{'hick for both L,vman a and Lyman B, the relative intcnsiti_

will be proportional to the solar flux available for scattering,

and therefore the L) man _ intensity _ould he only a feb per-

cent of L}man r,. This ratio v, ould become smaller for thin at-

mospheres. The L.',man bands of H= generally occur outside

the region of sensitivity; hov, e_,er, the Werner bands could be

detected b) the photometer. The photoelectron contribution

_a., estimated similarl) to the wa,, in _hich the electron dis-

sociation excitation case _as estimated, a crude estimate of

-40 R resulting.

The He" hne at ;_304 ./_ could arise from resonance scatter-

mg b._ ionospheric or plasmaspheric helium ions. However,

He" is an extremeh minor component in the Jovian

ionosphere. ,41rera el al. ll974] find a peak density of 0.13

cm". at _hich point the total ion density is _3 × 10 s, a factor

o1"2 x 10' greater. Consequentl), one _ould expect little ,_30_-

./_ radiation from ionospheric scattering, nor _ould one expect

a significant He" concentration in the plasma_phere and con-

sequently no corresponding airglov, emissions. In fact,

plasmaspheric emissions _ould have been seen berore Jupiter

_as in the field of slew, but no indications of such signals have

been found. The Hc ]1 rcsonance line can be produced also

through the simultaneous photo-ionization and excitation of.

neutral He and _as previously estimated by Carl._on and Judge

[1971] for rather high solar flux values and little Hr absorp-

tion B._ using more realistic atmospheric and solar models and

a_cruging o_er the disc, it is estimated that the contribution

amounts LO _0.5 R.

_e fmall) note that v.¢ hase assumed that auroral excitation

processes do not contribute significantly to the observed

emissions, and that quantitative estimates of this process are

hindered b) lack of an,', knowledge of Jovian particle

precipitation or the basic auroral acceleration mechanisms.

.4(Lm,,,h'dg,,wnts h is = pleasure tO aeLnov, ledge the Pioneer

prwect olT=¢t, particularly C. F. Hall, J. E. Lcpetich. T. Wong. and R.
Tv, aro_ski, and the ,,arlous o_ces or the Univcrsit) of Southern

_ Cahforma for their continued support. The instrument teas construe-

ted h._ the Analog Te_hnolog) Corporation, excellent project manage-

-ment bcin_e provided b) D. _Villingham. This v, ork _as supported
b) NASA contract NAS2-6._58 _'ith the Ames Research Center.
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ATMOSPHERES OF OUTER

PLANET SATELLITES

..

R. W. Carlson

University of Southern California, Los Angeles, Calif.

Abstract

Only three of the many satellites in the outer solar sys-

tem are now known or thought to possess atmospheres: Io,

Ganymede, and Titan, and the physical properties of these

atmospheres are briefly reviewed here. Evidence for an at-

mosphere around Io f_Tupitpr.1)........ ;_ .--..-f.... "_ ;" ."_-_--t optical

observations of sodium and hydrogen atomic resonance emis-

sions associated _vith the satellite. These emissions are

found to originate from a volume which is much greater than

Io itself, forming a partial toroid around Jupiter. Sugges-

tive evidence for an atmosphere on Ganymede (Jupiter-IH} is

found in stellar occultation measurements. In light of spec-

troscopic limits on CH 4 and NH3, other possible atmospheric

constituents are considered alongwith their production and

loss mechanisms. These brief considerations suggest that

A, 0 2, N 2, and Ne are possible candidates for an atmos-

phere on Ganymede. Titan (Saturn-Vl) has been long known

to possess a CH4 atmosphere, but recent work indicates that

the amount present is greater than had originally been esti-

mated, in addition, evidence for molecular hydrogen has

also been found. The high thermal-infrared brightness temp-

eratures of this satellite have als0 received much attention,

It is a pleasure to acknowledge many interesting discus-

sions with T.V. Johnson, D. L. Judge, D. L. Matson, and

T. R. McDonoug_. Portions of this work were supported

under NASA Grant NAS-2-6558 with the Ames Research

Center.

elqesearch Staff Physicist, Department of Physics-,
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and have been interpreted as a high altitude inversion layer

or a greenhouse effect.

Int roduct ion

As early as 1921, _n discussing the _scap_ofgases
from planefary a:t'mospheres, Sir James wrote that

"a.n atmosphere has been observed on Titan" and then goes on

to mention "the suspected atmospheres on two of Jupiter's

satellites. " T.h.ese would seem very prescient remarks in-

deed, .s.ince..'the'.orfly'outer planet satellites which are pres-

ently thought to possess atmospheres are Titan and two of

the Galilean satellites of ,Jupiter, and the evidence for these

was not found for twenty years or more after Jeans wrote

those thoughts. It should not be surprising, however, that

some of the satellites possess atmospheres. They (and other

outer so]ar s.ystem.satellites)are comparable _0 or exceed,

the planet Mercury in size and although less massive they are

of sufficiently low temperature that thermal evaporation

(Jeans' escape) is greatly reduced. What is surprising are

the details of actual atmospheres, which represent extremes

as great as can be found among the. planets. On the one hand,

Titan exhibits a very thick and relatively permanent molec-

ular atmosphere, while in contrast Io is seen to possess a

tenuous and short-lived atmosphere composed of atomic hyd-

rogen apd metal atoms. The major portion of our body of

knowledge concerning these atmospheres has been established

in only the past few years, and the field is rapidly developing.

Many of the present activities are directed toward specific

atl_o_pheric q_,estions, e.g., composition, temperature

photochemistry, and escape processes° but it is also recog-

nized that these sttJdies have even greater implication since

the atmospheres ar_ related to surface and interior compo-

sitions and the environment provided by the central planet.

Their continued study will aid in understanding these environ-

ments and the physical-chemical history of the s_l_-llites and

will surely be among the major scientific objective- in future

missions to the giant planets.

The purpose of this work is to condense and summarize

for the non-specialist, recent developments in studies of

these atmospheres and to offer some speculation on what fu-
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ture deve|opments may offer. The Galilean satellites have
.

been discussed by Cruikshank 2 while Titan's atmosphe_ has

received enough attention to warrant a volume of its own' 3

The general properties ol the physical satellites has been re-

viewed by Morr'.'_on and Crui1<shank. 4 An extensive suCnmary

of the outer solar system by Newburn and Gulkls S is also of

interest. A summary of some of the pertinent data concern-

ing these objects is given in Table L

10

I_o st- Eclip se B r i[7.hteninR

The first evidence, still controversial, /or a rare/_ed

atmosphere on lo is found in its apparent anomalous photo-

rr_etric behavior following passage through the shadow of

Jupiter - post eclipse brightening. This phenomena, first

observed by Binder and Cruikshank 7. shows an excess bright-

ness for the satellite of*-- 0. 1 mag (-- ]0_e) ;_,,m,,_iately .rol=

lowing ecllpse_which decays during the succeeding 90-20 min-

utes. The phenomena is not seen for the other satellites nor

is it observed before eclipse.

Binder and Cruikshank 7 suggested t_at a condensable at-

r_osphere produced this differential brig]_tness by forming a

surl'ace layer or haze of brighter material (frost or snow) by

condensation during eclipse coolLug. It then sublinues back

into the atmosphere in a short period following eclipse.

Lewis 8 presented physical-chemical models of the larger

outer satellites and discussed the atmospheric implications

of these models. /='or Io, he preferred NH 3 or an inert gas,
. ,m ......... _ °

Table I Physical Properties ......

Mass Radius Density Escape Velocity

(]026gm) (krn) (gm/c c)"- (km/sec)
..

Io (J-l) O. 910 1820 3.50 2.58

Ganymede (3-11.I) 1.490 2635 1.95 2.75

Titan (S-VI)* I. 401 ZSO0 Z. 14 2.73

(zgo0) (1.3_) (z. s3)

*Values in parentheses are based on recent lunar occultation
measurements. 6
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rather than CH4, as the suspected condensate and estimated

the atmospheric abundance by two methods. He first noted '

that it would require of order I mg/cm2(or-- I cm-atm) to

produce the differential reflectivity. Secondly, the amount of

ice that can be sublimed by absorption of the available solar

energy in the 15 rain post-eclipse period (assuming an albedo

of 0. 8) is roughly'the same (-- 0.8 cm-atm). At the temper-
ature of ]o, -- 14DgK, this abundance would produce a surface

pressure of--l x l0 -7 bar, comfortably below the upper lim-

it of 3 x 10 -5 b.a._r setby the NH 3 vapor pressure. The agree-

ment.betw'e_n"t-be'se'estimates supports Binder and CruLk-

shank's original suggestion as a viable hypothesis.

A problem posed by the post-eclipse brightness phenom-

ena is its sporadic nature. Many eclipse reappeazances have

been investigated by different observers using a variety of

latter casting some doubt as to the reality of the effect. Un-

fortunately, very few events have been'observed simultAn-

eously by several observers and it is therefore difficult to

differentiate between mere instrumental effects caused by

scattered light from 3upiter and a. truly satellite-related

phenomena which is intermittent in occurrence.

The erratic nature of the effect prompted Fallon and Mur-

phy9 to suggest the possibility of transient atmospheres, per-

haps due to irregular outgassing. An alternative idea was

advanced by Cruikshank andMurphy lO, who argued that a

strong temperature variation in vapor pressures, and the

temperature differences between perhellon and aphelion,

could produce an eHect varying with the 3ovl.an anomalistic

year since considerably more gas (of unspecified composition)

would be available at perhelion where the mean temperature

is higher. A seasonal effect was proposed by Sint°nl ,I arg-

uing that during the solistices non-illuminated polar regions

would act as a cold trap, freezLngout much of the postulated

NH 3 atmosphere, but s'ufl_cient atmosphere is present at the

equinoxes to produce the post eclipse brightening anomaly.

He presented a rather detailed model of the Ionian atmos-

phere, consistent with then existing measurements and c_n-

taining,--0.5 cm-atm of NH3, heated to-_ 24SOK and perhaps

including as much as 4 cm-atm of molecular nitrogen.
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Recent observations 12 using instruments which are less

scnsitive to scattered light have given negative results. ;

These data are of particular interest since they were oh-'

tained during a period when both Sinton's and Crui1<shank and

Murphy's hypotheses predicted positive results.

Spectroscopic and Occultation Limits

Various spectroscopic studies have been performed on Io

and the remaL'_ing'Galilean satellites, resultin_in upper lim-
its /or the presence of certain gases. Huiper 1_ placed limits

of 200 cm-atm and 40 cm-atm respectively for CH 3 and NH 3.

Owen 14 extended these measurements by photographing the o

infrared spectrum; based on the absence of the strong 8873 A

band he placed a limit of 100 cm-atm of methane. Recently,

1:'ink et at. ]5 using a }v(ichelson interferometer, loo]<ed for

features of CH 4 and NH 3 in the Z. 31.I region. Finding none,
they were able to place limits of 0. _ cm-atm for both N_ 3

__.1 r-_ "-"h;"" ,',_-'responds to k v 10 -8 hat martial pressures.
d,lt._ _..saa 4 --_-. _v- ....

Another technique - stellar occultations - can be used

to discern the presence of an atmosphere (or the lack thereof).

If an object with sufficient atmospheric density passes in

front of a star, refraction will bend the light grazing the at-

mosphere'toward the center of the shadow (if the a.t.rn, osphere

is normally dispersive). This bending produces a gradual

shadow boundary whereas an abrupt boundary would be found

in the absence of an atmosphere. The first photoelectric ob-

servations of an occultation were performed by Baurn and
Code 16 who observed an occultation by 3upiter..._.May. ].971,

1o occulted the C component of 8 Scorpii and the event was

observed by several groups 17-19. All of_he observations

showed a sharp light curve, within limits set. by instrumental

time response, diffraction, and the finite stellar diameter.
Smith and Smith 18 placed limits on the refractivity of the gas

at the surface and therefore the corresponding number dens-

ity. For N_, CH 4. and H Z these limits are 6 x ]0 IZ, 9 x ]0 Iz

and 3 x l0 I_; molecules/cm 3 respectively. Assuming a temp-

erature of 100°K, the surface pressure limits are 9 x 10 -8

and I. 3 x l0 "7 bar for N z and CH 4, corresponding to column

abundance limits of 0. 4 and 1.3 cm-atm. Limiting NH3 abun-

dance would be of the same order, and may be consistent
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with the atmospheric abundances suggested by Lewis 8 and

Sintonl I particularly s_nce the occultation pressure and abun-

dance limits vary as T 5/2. _ '

Sodium Emissions

The abo_e discussion indicates that evidence for an at-...
mosphere on Io i_s_largely negative: rather severe upper lim-

its are placed by the occultation and spectroscopic measure-

ments and the post eclipse brightening anomaly remains

uncon._.r .med.-'Dennite and conclusive proof of atmospheric

phenomena surroundL_g Io, far different than ever would

have been expected, was recently discovered by Brown 20'Zl.

In his first planetary observational work, he obtained spectra
of the Galilean satellites which showed sodium D line emis-

sion featu..res from Io. These results were first re_orted in
1973 and quickly confirmed by other observers. "22"L4 A

spectrum obtained with a Wampler type coude scanner of the

JPI., Table },_,ountain 05se_-vatory is shown in Fig. i. The

spectral shkft of the line due to the Doppler effect and lo's

orbital velocity is clearly evident. The intensities observed

by the various groups is variable (discussed below) with av-

erage intensity being many tens of thousands of Rayleighs. 25.

Trafton et al. 22 and Macy and Trafton Z3 investigated the

distribution of these emission features around Io, finding

that the source is an extended region around the satellite ex-

tending as great as 50 Io radii from the satellite (in the orbit-

al plane) and roughly S radii above the plane. The most in-

tense region appears to be an area around Io whose radius is

approximately twice the radius of lo.

The D lines, the resonance lines of neutral sodium, are

well known features in the terrestial airglow, occurring in

the day, twilight, and nightglow, and in aurora, the source

of the sodium atoms being meteoritic with perhaps some con-
tribution from oceanic salt. The excitation mechanisms for

the earthts sodium emissions are resonance scattering (day

and twilight), chemical excitation, and energy transfer from

vibratlonally excited N z (aurora). Reviews and discussions o

of the terrestial Na_roblemare described by Hunten 26, Chain-
berlain 27 and B_tes 28.
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Fig. I. Coud_ spectra of
sodium emissions from
]o obtained at the Table

]_ountain Cbservatory by
J. T. Bergstrahlo D. L.
]v[ats0n and T. V. 3ohnson

(Reference 24). The or-

bital position of the satel-
lite is indicated on the

right. The sun is to the

bottom of the page.

The problems posed by the existence of rr_..etal emission

features from Io can be c]ass_ied as (I) the source of the Na

and the mechanlsrn by which it introduced into the extended

atmosphere, (2) the excitation mechanism for the observed

emission, (3) the eventual fate of the atoms after they escape

the influence of the satellite, and (4) what kinetic, ionospher-

ic, and photochemical interactions occur during the interval

between production and loss?

An answer to the first question is provided by the studies

of the :Yet Propulsion Laboratory group, Fanale et al. R9

who suggest that the surface composition of Io involves salt

deposits enhanced in sodium, while Matson et al. 30 argue

that sodium atoms are liberated from the surface and inject-

ed into the atmosphere by sputtering processes: "

In the model of Fanale et al. 29, ]o and the remaining
Gall|can satellites were formed from chondritic material and

HZO with the relative proportions differL1_g due to the [n-flu-

ence of Jupiter acting as a signi/_cant source of heat in the

early stages of formation. Subsequent radioactive heating in

the interior melted the ice and bound water which then perco-

lated to the surface and evaporated. As this water passed

through the interior it 1_ecame saturated with salts, carrying

them to the surface and depositing thereupon evaporation.

The hypothesis is supported by several experimental studies
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including the spectral reflectivity of Io and laboratory _xper-
iments with carbonaceous chondritic material. - '

Matson et al. 30 argue that the sodium is removed from the

surface by particle impact- sputtering. One source of the

impacting particles could be the energetic magnetospheric

ions, another source may involve the plasma sheaths thought
to exist around 16 31 . The induced EMF across Io in the mov-

ing 3ovian magnetic 15eld may produce plasma sheaths around

the sateliite which in turn can develop large electrical poten-

tials-between the plasma and areas on the surface of Io. IX

ions are produced in these regions, they may be accelerated

into the surface with energies of perhaps several hundred Kev.

The source of these ions could be previously sputtered atoms

which are photolonlzed or directly ionized in the sputtering

process.

Two other suggestions have been advanced to explain the

presence of Na. McE1roy et al. 32 suggest that Na and other

metal atoms are present in solution in ammonia ice on the

surface but they do not offer a mechanism for transfer to the"

atmosphere. It shou]d be noted that the reflection spectrum

of Io does not show any ice absorption bands in contrast to

the remaining Galilean satellites. Sill 33 suggested that the

sodium cloud originates from meteoritic material swept up

by 3upiter0 followed by decomposition by the energetic trap-

ped radiation belt particles. This model does not explain the

unique association of the sodium cloud with Io, however.

A mechanism for producing the observed NaLD emissions

was suggested by McElroy et ai. 32 as energy transfer from

vibrationally excited NZ, a process that is thought to occur in

terrestial aurorae. The initial vibrational excitation was

thought to be'produced by aurorae - like phenomena at Io, the

N 2 being present as a photolysls product of their assumed

NH 3 atmosphere. Two factors guided this choice of excita-

tion mechanism. First, the observational data available at

that time seemed to show that the emission was sporadic (as

are aurorae) and second, the emitting region was thought to

be highly localized which implied higher surface brightnesses

than could be supplied by resonance scattering of sunlight.
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Further observational data by Trafton et al. 22 shbw'ed

that the emission arose from a more extended region than

originally was supposed meanin_ a lower surface brightness
and suggesting to Matson et al. 30 and Trafton et al. 22 that

rcsonance scattering was the dominant excitation process.

Synoptic measurements by Bergstrah] etaI. 24 at the

Table Mountain Observatory showed that the emission was

not sporadic, but varied smoothly with Ions rotational phase
as seen from the Hun and that intensities at the same orbital

phase were quite repeatable over time scales covering many
revolutions. The rotational or orbital variation is due to the

Doppler shift of the atoms relative to the sun which modu-

lates the emission intensity because of variations in intensity

of the solar emission over the Fraunhofer llne profile, the
Swings effect, so well known in comets. The Table Mountain

data agree well with theoretical predictions of the orbital
phase variation when the solar profiles are takenJnto account

and prove that l:esonance scattering is the dominant source.

The long term observations demonstrate that the densities of

l_a are roughly constant, arguing against sporadic auroral

phenomena.

Observations by Trafton et al. Z7 and Macy and Trafton 23

show that sodium is. not confined to the immediate vicinity ot

Io0 but forms an extended cloud far outside the gravitational

influence of Io. The atoms must therefore escape from Io,

whose escape velocity is 2. S km/sec, and the subsequent dy-

namics are determined largely by the gravitational potential

of Jupiter. After escape, the atoms will orbit Jupiter in Hep-

lerian trajectories as they do not in general possess enough

energy to escape the vicinity of the planet, and the resulting

density distribution would tend to form a cylindrically sym-
metric toroidal distribution unless the lifetime is limited.

McDonough and Brice 34,35 were the first to point out the

possible existence of gaseous toroids around the major plan-

ets. One process which will limit the lifetime is photoion-

ization. However, the lifetime of Na atoms a_ainst photo-
ionization at the orbit of Jupiter is_- 1.5 x 10 °sec, much

greater than IoWs orbital period (1.5 x 105 seE) and the torus

would be expected to be more complete than is observed. 22-Z3

In addition to photolonization, Macy and Trafton Z3 investiga-
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ted ionization by ions in the plasmasphere of 3upiter, /_nding

this mechanism an inadequate explanation owing to the low

charge exchange cross section /or non-resonant systems. It

is suggested here that electron impact ionization by thermal

electrons in the 3ovian plasmasphere is the dominant loss
mechanisms. Us_,ng the ionization rate coefficients of Lotz 36

a plasma energy of 4 ev (see Intriligator and Wolfe37), and

plasma densities o! 200/ca 3 obtained by Carlson and Judge 38

and McDonough3_ the lifetime of Na atoms is found to be

-" |. ] x 105..s.e.c,. in r.easonable agreement with the lifetime

estimated by Macy and Trafton 23 based on their observations

of the cloud geometry.

Interactions with other possible atmospheric constituents

by the sodium atoms durKng the interval between production

and loss is unknown at present. Part of this uncertainty

is du_ to _ack ofkrJowledge of other components in the atmos-

phere, and further uncertainty lies in the poor state of know-

ledge concerning the gas phase chemistry of Na. It seems

possible that some other component is present but the tot, a]

amount oSatmosphere must be small, or the exospherlc

temperature must be very high, else the sodium atoms would

lose sufficient energy in collisions that escape would be im-

peded too greatly. Further observational work, coupled with

investigations of Na gaseous chemistry should delineate some

olthe possibLlities. Certain of the possible candidates as

atmospheric components (e,g. NZ, HZ. O. A, Mg, N, C, Si)

are most readily observed in the extreme ultraviolet and may

not be properly investigated until suitable instrumentation

is available for long term study on a Jupiter orbiting mis-

s ion.

Hydrogen Emissions

A second component, atomic hydrogen, was detected in

an extended cloud around Io through ultraviolet photometric

measurements oIthe HI Lyman - a llne reported by3udge

and Carlson 40 and Carlson and 3udge 38,41. The excitation

mechanism is similar to the sodium case: resonance Scat-

tering of the incident solar _ux, and the distribution ot atoms

is also qualitatively similar, forming an incomplete torus
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around Jupiter approximately centered at So. While it is ap-

parent that lo is responsible for the observed distrlb_, tion,

it is less clear what the actual mechanism is that produces

the atomic hydrogen. }_4cElroy et al. 32 suggests t_at copious

amounts of hydrogen will be produced in the photolysls of the

hypothetical NH 3 atmosphere and will readily escape the

planet. An alternative hypothesis 38.39 suggests that magnet-

ospheric and plasmaspheric protons are neutralized in the

atmosphere and surface of Io, followed by escape into the

torus.

In addition to being a possible source mechanism, the

3ovian plasma protons are very likely involved in the H atom

destruction processes. The charge exchange cross section
between protons and neutral hydrogen atoms is very large, 42

beingan exact energy resonance condition. 1/ the slowly

moving Hatoms charge exchange with protons .co-rotating
with the Jovian magnetic field, the resultant will be slow ions

and energetic neutrals which possess enough velocity to es-

cape Jupiter, thereby depleting the torus. Estimates of the

lifetime of H atoms in the torus, bised on the cloud geom-

etry, yield values of-- 2 xl0 S sec, which imply plasma den-

sities of Z00 cm "3 or somewhat greater (Carlson and

3udge38, 40) and are in reasonable agreement with the theor-

etical discu ss ion.of McDonou gh 39.

lono sphe re

Radio occultation measurements have been very valueble

in studying the ionospheres and atmospheres of the terres-

tial planets, and the same technique was rec'ently dpp1"ie'd to

the atmosphere of Io. Kliore et ai.43 detec'ted an iono-

sphere on this satellite with a measured peak electron den-
sity of-_ 6 x I04 cm "3 on the day side and':, 104 crn "3 on the

night side. The day side plasma scale hei£ht was found to

be ZT0 kin. They note that if the ]viars atmosphere is a
close analogy, then atmospheric densities off010-1012 cm -3

would be found at the surface where the pressure would be
I0"8-I0 "|0 bar. This corresponds to column abundances of

0.003 -0.3 crn-atrn and below the aforementioned stellar oc-

cultatlonlimits. These investigators point out that one is

probably seeing a rather different type of ionosphere, since

it is more fully ionized than one -,vo_Id expect at t]:_s so]at
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distance, and since the ionosphere probably extends down to
the surface.

McElroy and Yung 44 investigated the ionospheric proper-

ties of several model atmospheres, including both purely

molecular.atmos.pheres and those containing sodium. They

/'ound that ionization rates were too slow, and recombination

too fast for a molecu]ar atmosphere to exhibit the observed

ionosphere. Inclusion of atomic sodium which is ionized

much more. rapidlY, and recombines more slowly brings the

calculated densities closer to reality although complications

such as diurnal atmospheric abundances, vertical motions,

plasma interactions, and corpuscular ionization may enter

into the problem and are difficult to distinguish with our

present limited state of knowledge.

Further observations are clearly desirable in order to

_|iy describe the spatial and temporai .ionospheric vari-

ations and allow a more comp]ete theoretical description.

Since occultation measurements in t.he outer solar system

are limited to measurements near the terminator, a com-

plete description may not be forthcoming until plasma probes

(and hopefully mass spectrometers) investigate the iono-

sphere close to the satellite on an orbiter mission.

Ganymede

The present state of knowledge concerning an atmosphere

is suggestive but not conclusive, similar to the case of lo

prior to the discovery of sodium and hydrogen emissions and

the Ionian ionosphere. Whereas a stellar occultation provi-

ded an upper limit to the ah'nosphere of Io, a simUar event

with Ganymede did show evidence of an atmosphere. In the

following section we discuss these results, followed by

speculation on the possible atmospheric constituents.

Occultation Results

On 7 June 1972, Ganymede occulted the 8th magnitude star
SAO 186800 and observations were made in three locations:

Kodaikanal, India; Lembang (Java), Indonesia; and Darwin,

Australia and reported by Carlson et ai. 45. Unfortunately ,

the occultation path occurred more northerly than had been
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predicted and the Australian site was'-50 }<m too fair south to
observe the event. The measurement was a difficult one as

the difference in magnitudes resulted in an intensity d_op ol

only-- 5_.. Nevertheless, the data were of sufficient quality

to determine the radius and suggest, on the lack of abrupt in-

tensity changes in the signal, the presence of an atmosphere.

An approximate lower limit to the surface pressure was

placed at ]0-3mb, which would correspond to *- 5 cm-atm for
a constituent with a mean molecular mass of*- 30. The ma-

jor component cannot be methane or ammonia, since Fink
et al. 1.5 placed upper limits on these molecules in order of

magnitude less than densities suggested by the occultation.

Discussion of Possible Atmospheric Constituents

The possible presence of an atmosphere other than the two

attractive candidates,.NH 3 and CH4, poses an interesting

prob]e_cA, p,s, Li,.U,d,,y ,,InC© the ._VV_---'"A,LIJ...... C,VAA;.......u.il_c.., u;'f©_.,

unique processes for both producing and depleting an atmos-

phere. We begin by discussing possible sources for an at-

mosphere, followed by remarks on loss processes.

The first source one might consider is outgassing from

the interior of the satellite. As is well known, the rare gas-

es He and Ar present in the terrestial atmosphere arise as

radioactive decay p.roducts from uranium, thori.u.m.,..and po-

tassium (K 40. which produces A 40 through K capture de-

cay). Helium will escape so readily from Ganymede that it

cannot be the spec|e observed Ln the occultation. An approx-

imate upper limit to the argon content in the atmosphere is

readily estimated assuming solar composition for elements

other than hydrogen and helium and assuming the mass con-

tribution by H is as H20 ice. Using the isotopic abundance
of K 40, the half life ofl. 3x 109 years, and.the K capture

branching ratio of ll_s, one /'xnds a present day production
rate of _-105 A 40 atoms/crn 2 sec and a total of -6 x 10 Z2

(20m-atm) produced over geologic time. It is unlikely tl_at

all of this gas has reached the surIace and even more unlik-

ely, as discussed below, t_at all of it would be permanently

retained in the atmosphere.

In an_ogy with the terrestial atmosphere, N Z might be

considered as a possible contribution from outgass|_ng, but
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it is impossible to make any quantitative estimates.. Pre-

sumably, most of the nitrogen in the solar nebula that formed

the outer solar system was in the form of ]N'HS. and t]_e am-

monia present at Ganymede is to be found in solution in a li-

quid water mantle 8, However, N 2 could be formed as a

photolysis product of any small amount of NH 3 which finds
its way to the surface and into the atmosphere.

°..

_-

The surface itselfscomposed of H20 ice, could be a source
of atmospheric molecules through the process of sputtering,

as is found /or Io.- In the case of Ganymede, sputtering

wou|d _;(_babl'y i)roduce, in addition to H20 molecules, H,

OH, and O, the latter atoms possibly recombining to produce

an atmosphere of 02 . Tl_e production would be self-limiting.

however, since a modest atmosphere would shield the sur-

face fromthe particles responsible for the _puttering. (The

range of a I b4eV proton is -2 cm-atm).
.... • ., .. •

The magnetospheric particles themselves could be a

source for the atmosphere, whether or not they impact the.

surface. Incident particles will be stopped at the surface or

in the atmosphere, recombine, and thereby contrlbute to the

atmosphere. The major component of the magnetospheric

plasma, protons, will immediately escape as hydrogen atoms,

but ions with greater mass may also be present in the plasma.

If one assumes that the source of the Jovian magnetosphere

is the solar wind, and that solar abundances are maintained,

then elements worthy of consideration are O, C, N, and Ne.

These atoms are both massive enough to not be readily lost

through thermal evaporation and sufficiently abundant that

they may significantly contribute to the atmosphere. Assum-
ing a total plasma flux of I0 cm -7 sec -I with solar abun-

dances, one might expect -1O 3. S x 102. 10 Z and 102 cm -2

sec-I for O, C, N, and Ne respectively. Atomic oxygen and

nitrogen can .associate to form relatively inert atmospheric

molecules by surface catalysis or by atmospheric three 1)ody
reactions.

The above source mechanisms must be weighed against

possible loss processes in order to evaluate their possible

contribution. One obvious escape mechanism is Jeans' es-

cape or thermal evaporation; this mechanism is inefficien!
..@
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for the heavier atoms and molecules such as Ne, N 2, O 2 and

A. 1/" Jeans' escape is the only mechanism by which, partlc-

les escape (an unlikely situation) then one can esti_mate the

effectiveness of the sources discussed above [n terms of a

critical temperature for the outer atmosphere. This critical

temperature is defined for each molecule such that the es-

cape rate just equals the influx rate. If the temperature is

below the critical temperature, then the net accumulation

rate (influx less loss) can result in the accumulation of an

atmosphere over geologic time. In Table 2 we summarize

the possible inNux rates and corresponding critical temper-

atures, i/the exospheric temperature is comparable to the

surface temperature ( - 140°K) and Jeans escape were the

only )oss mechanism, then it is possible that signLficant

amounts of A, 02 , N20 and Ne could accumulate to form a

modest atmosphere on Ganymede.

3eans':escape represents only a lower limit to the total

escape rate; there are other mechanisms which are poten-

tially much more rapid. One other means o[ escape is

through molecular dissociation processes such as photodis-

sociation and dissociative recombination, where the tr'ag-

rnents are produced with sufficient kinetic energy to escape
gravitational attraction as suggested by Brinkmann 46 /or the

atmosphere of Mars.

Table 2 Critical Temperature for Accumulation

of an Atmosphere

Assumed Flux Critical Ternp-

Specie (crn-Zsec "l) crab, re (OK)

A 105 500

0 2 10 3 200

N 2 10 2 . 300

Ne IO 2 200 .

-0
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A third class of escape mechanisms is brought about

through ionization and the magnetic environment of _upiter.

Since Jupiter and its magnetic field rotate much.faster than

the orbital period of Ganymede° • V x B field will be pro-

duced which is several orders of magnitude greater than the

gravitational force and can accelerate atmospheric ions away

from the planet into the magnetosphere. This is thought to

be the means by'which the lunar atmosphere is depleted 47,

in the lunar case the velocity and magnetic field being prop-

erties of the solar wind rather than a planetary field. In the

absence of natural magnetic shielding (or diamagnetic behav-

ior a_'i_'isch_ed below), potentially every ion created by so-

lar ultraviolet photoionization could be lost by this process.

SLnce the total solar ultraviolet which can ionize an I_z atmos-
phere (for example) at the orbit of Jupiter is -I0 ? photons

cm -2 sec."..]., and ionizations yields are close to.unity, the

V x B acceleration co,_Id play a dominant role in the loss of
.... , -* ,, ..

a gaseous .atmosphere.

One can examine the efficiency with which the induced

electric field removes ions by finding the time it takes an

ion moving under the induced V x'B field to leave the atmos-

phere and comparing it to the recombination time. If the
recombination time is large compared to the time necessary

to remove the ion, then escape could be very efficient; if the

lifetime of an ion and the time interval during which the

V x B potential can act is shorter then this loss mechanism

could be impeded.

The recombination time can be evaluated as f-= l/an(e)

where a is the recombination rate coefficient andrn(e) the

electron density. This density is es'timated here by assum-

ing local equilibrium: a .nZ(e) = no/f_ where n o is the n-.ut-

r_l density and fp, the neutral lifetimVe against photoioniza-

tion. The recombinatlonlifetime is thusf r = Jfp/an o.

The time necessary to remove an ion floss may be approx-
imated by the time required to move a plasma scale height

(twice the neutral scale height, H), with an average drift

velocityv d. the latter quantity being related to the. induced

electric field through the ionic mobility K: v d = HE, result-

ing in f lOSS = 2H/HE. .,
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The induced electric field at Ganymede is-- 10 .4 v/ca,

and ionic mobilities (at STP) are K-- I. 5-2 cm2/volt_sec,

resulting in T loss*" 10 sec for an assumed scale height of
Z5 krn.

For the atoms of interest, the peak ionization rate will

occur at densities no" 2x ]O ]0 cm -3 with ionization life-
times of 5 x 107 sec. For atoms as Ne and A, recombina-

tionoccurs radiativelywitha b I0 -]I cm3/sec giving a re-

combination lifetime of Tra" ]04 sec. Consequently, an

atmosphere of Ne or A could be readily diminished by the

magnetic field of Jupiter. Molecular recombLnatlonproces-

ses (dissociative recornbinat-_on) are much faster than radla-

tive processes so the situation for a molecular atmosphere

|a more favorable. For NZ, a -- 3 x l0 -7 cm 3 sec "I result-

ing Ln a recombination lifetime of 100 sec. We therefore

conclude that a molecular atmosphere is less likely to be

swept awayby magnetic fields, but nevertheless highloss

rates maybe suffered from t_s process unless some sort of

shielding is available.
- • . o

A permanent magnetic field could provide such a shield:

ing mechanism, as the earthls atmosphere is shielded from

the solar wind (except during geomagnetic reversals). While

t_e possibility of a satellite .magnetic field is _ot r_uled out by

observations, it seems somewhat unlikely slnceGanymede

rotates so slowly it would be difficult to generate an internal

dynamo.

Another, more ILkely, possibility is an ionospheric -mfer-

action generated by the Lorentz force." One can discuss such

an interaction Lrorn several points of view. One descripti'o_n"

is in terms of a polarization field which opposes the V x B

force. Since electrons and ions would be..accelerated to.ward,

and removed from, opposite faces, one can i_nagine excess

"surface" charges (residing in the outer ionosphere) which

produces an opposing electric field and retards ion and elec-

tronloss from the atmospl_ere. Another process is des-

cribed in terms of the magnetic field produced by ionospheric

currents as was considered by Dessler 48 for the interaction

of Mars with the solar wind plasma and magnetic field. He

argues that if the conductivity of a body is high enough so
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that the time required for magnetic dif-fusion is lortler than

the time required for the solar wind to sweep past the body,
0

then the interaction will produce currents and a magnetic

field wh|ch decreases the V x B field in the body. -If the Jov-

ian magnetic field and the co-rotating thermal plasma can be

treated analogously, and Ganymede possesses an ionosphere

of suf/_clent conductivity, then it is possible that such an In" -

teraction might occur, reducing the loss rate and producing

a very interesting magnetic and plasma structure in the vlcin-

ity ol Ganymede which.., would be observable by appropriate

magnetom.e.ter_s" .a_'_] l_la_ma probes.

The above comments are necessarily incomplete, but they

indicate that if Ganymede does in tact possess an atmosphere,

then it could be the product of some very interesting physical

processes, both with" regards to its producti(_r[ and loss

mechanisms.. Clearly," _urther observations are desirable.

Titan

Titan was the /irst satellite to be found to possess an at-

mosphere when, in 1944,.Kuiper47 found CH 4 absorption
bands at 8170A and 7260_. He noted that the amount of meth-

ane was comparable to, but somewhat less than, that ob-

served on Jupiter and Saturn. A later estimate was given as

200 m-arm 13. Until recently, this value was accepted, and

Titan was thought to have a rather tenuous atmosphere with a

surface pressure of*- 2rob. This picture has changed dras-

tically in the past few years, primarily due to spectroscopic
observations and investigations In the therrru_l infrared. This

work, supported by photometric and Polarization measure-

ments, indicates that Titan has a very thick atrn<_sphere of

surprising composition and with a most interesting thermal

profile. Sufficient interest has been generated that a Titan

workshop was held at the NASA Ames Research Center |n

I773 under the chairmanship of D. M. I-_nten 3.

Spectroscopic Studies

The spectroscopic work on Titan is primarily due to Traf-

ton, who investigated the met}_ane bands and found a factor of

ten more methane 50 than did Huiper, assuming CH 4 to be the

rr_jor specie present..SLnce the spectral pro/i]e _ deter-
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mined by pressure broadening, the observations a z_e compat-

ible with less methane only with the addition of som'le other
f

gas. and then only in rrmch greater proportions, consequent-

ly the minimum total atmosphere present corres/>onds to a

pure CH 4 atmosphere.

Trafton 51 also found evidence for a second component in

the atmosphere - molecular hydrogen. This was a very un-

expected result since the lighter gases would be expected to

escape this satellite with such ease. Despite this potential-

ly rapid loss mechanism, the spectral observations indicate

the possibility of a large H z abundance, of order 5 km-atm,

which implies that the loss must be inhibited by some mech-

anism and/or a large source of H 2 must be operating. Mc-

Donough and Brice 34. 35 attempted to resolve the H Z loss

problem by recycling thdgas in a torus around Saturn. They

pointed out that atoms which escape from Titan do not pos-

sess sufficient energy to escape from the central planet, but

orbit Saturn until lost by ionization or recaptured by a satel-

lite. They estimated that "the effective loss rate could be re-

duced by as much as two orders of magnitude by this recap-

t'ure process. The effectiveness of this process has been

questioned by Hunten52 who argues that recapture will in-

crease the coronal densities and tl_e escape rate until the

next escape flux is the same as would be found in the a'i_sence

of recycling. Hunten 53 pointed out that the escape of H 2

could be inhibited by diffusion in the atmosphere, and sug-

gested an atmosphere containing something like 50 km-atm

of N 2 would reduce the escape rate by roughly an order of

magnitude. The N 2 could be formed through photolysis of

NH 3 which may be present in the atmosphere'i.n" small _/uan-
tities.

Trafton 54 also _as presented intriguing evidence for an
• - .;o o

additional component in the /'orm of unldenttfled features m

the 1.06 and 1. ll.t regions. Such feat'ures are found in the

spectrum of Uranus, but not Saturn, and could be due to

methane photolysIs products or '_o isotopic methane. Too

little is known about the spectroscopic properties of these

molecules and it is hoped t]_at laboratory experiments will be

pursued, along with the observational aspects, inorder to

further our understanding ol Titan and the outer p']anets.
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Thermal Structure --_

The second area which has prompted much of the 'interest

in Titan is the high brightness temperatu.res l'oun¢l in the

thermal infrared. For abody with the albedo of Titan at the

orbit of Sa.turn:..t.he sunlit disc-averaged brightness temp-

erature would be expected to be_ ]10°K in the absence of an

atmosphere. A thick atmosphere as Titan possesses would

moderate the diurnal temperature variation, and the observed

temperature would be expected to approach_ 84°K. However,

the obser;_ed'tempe'rat_,res over much of the spectrum are

much higher than this. For example, the recent measure-

ments of Gillett et a155. show temperatures of 158°K at 81J ,

decreasing to 128°K at 13U . It was suggested earlier by

Allen and Murdock 56. who Sound a temperature of 125OK in

the 10-14"U "region, that a greenhouse effect was _>ccurring.

This hypothcsls "._'a= de--eloped by Sagan 57 and Pollack 58 and

it appeared that such was the case for .Titan.

AJn alternate explanation was proposed by Danielson
et aI5. ? which was developed as a consequence of explaining

the observed low albedo in the ultraviolet. They noted that

this low albedo implied absorption by high altit'uc]e aerosol

particles. The absorbed energy, in being transferred to the

gas, would increase its temperature, and be re-emitted in

molecular transitions. Two likely transitions, which may be

present in the measurements o[Gillett et aL 55 are CH 4 at

7.71J and C_H 6 at 12.21j . The photochemical calculations

o[ StrobelS°show that CzH 6 is present in su[[icient quantities

to produce the 121J Seature. The high altitude absorbing aer-

osols could be solid methane or particles composed o[ the

photolysis products o[methane-i.e.-photochernlcal smog.

The latter process seems certain to happen (particularly to

a resident o[ LosAngeles), and has been quantitatively esti-

mated by Strobe160, who finds that approximately 20_0 of the

methane dissociation irreversibly produces higher hydro-
carbons.

The choice between the two models (or a combination of

both) should be forthcoming as infrared and microwave o_]
servations are extended. Recent observations by Briggs

at 8085 MHz (3.7 cm), ]_ave been reported as a radio bright-

ness temperature of I15 ° _ 40 °. Since all of the_proposed



-52-
ATHOSPHERES OF OUTER PLANET SATELLITES

atmospheric constituents are transparent at this rre-q_ency,

these microwave results probably refer to the surfacd temp-
erature. Using the emissivity or ice, Briggs 60 finds a sur-

face temperature or 135 ° _ 40°K which tends to support the

existence or a greenhouse effect, although he cautions that

the results could also be consistent with temperatures as low

as 80°K as would occur in the absence of a greenhouse effect.
The measurements or Low and Rieke62 do not show structure

in the ]7 and 28u region which would be expected from the I_
pressure induced'transitlons; this seems to rule out a mas-

sive H Z greenhouse effect. Low and Rieke suggest a weak

greenhouse effect with surface temperatures or 80-?0°K.

It is important to note that many of the above measure-

ments were interpreted using then existing radius estimates

for Titan,_- 2500 kin. However, a recent lunar occultation

nh_erved........ by Vev,,r_a 6 gives =__..-'n,-,ch larger ,-_,1;....__...,-,------t:)onn÷_nn

kin), which would significantly reduce the numerical values

o[ brightness temperature, bringing them down to values

which could be expected without a large greenhouse effect.

Future Pos sibLlities

A Stellar occultation would be of great Value in determin-

ing the thermal profile or the atmosphere, although the re-

sulting interpretations is composition dependent,. _'he ingen-

uous suggestion or Brinkmann b3 has transformed the annoy-

ing "spikes" observed in stellar occultations, which result

from atmospheric inhomogenities, into a powerful method

for determining relative compositions. By observing an oc-

cultation in several wavelength bands, the wavelength depend-

ence of the refractivity can be determined, alld_ving one to

discern relative compositions. The slow wavelength varia-

tion or indices or retraction limits the method to relatively

simple compositions of two (or perhaps three) components.

Predictions of stellar occultations have been'_:arried out by

G. Taylor for the past twenty years. He is now using the

SAO catalog /or the brighter planets and satellites and has

initiated a search /or occultations by Titan of stars fainter

than those listed in the SAC} catalog. Unfortunately, no oc-

cultatlons appear in the or/ing for the very near future. On

statistical grounds, one would expect - 2 useful occuitations

per year and an excellent event once every 5 years64:_
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A spacecraft.radlo occultation would be extremel_/useful in

" determining the thermal picture of Titan. although the_,anal -

ysis is again composition dependenL A radio occultation.

which obtains both the ionospheric profile and the lower at-

mosphere refractivity profile will also allow a choice between

different r_odel .c.ompositlons, since the ionospheric profile

would be quite different for a predomlnantly H 2 atmosphere
than an N2 atmosphere for example.

A radio.oc..c.ul.tat.ion which probes the lower atmosphere and

places.a level-for the solid surface would be of value in choos-

ing between surface and interior models, since the meth-
t "

ane atmosphere could arzse from a CH 4 hydrate, solid

or perhaps liquid CH4. or even an HzO-NH3-CH 4 Nuid with
no real boundary, and the surface pressure (or absence of

a surface]r ik'different for these cakes.

The composition of the atmosphere.can be studied by suit-

able optical measurements on a fly by (or better an orbiting)

spacecraft. Since the ratio of atmospheric scale height to

planetary radius is comparable to the terrestial planets, a

relatively closer approach is possible than for the major

planets, allowing one to observe the atmosphere at the limb

of the satellite" without the overwhelming background from

the bright disc. Some emissions of interest would be those

of N 2. N2÷, NH, CH, and CN, the latter radials being pos-

sible photochemical products of a CH4-H2-N 2 atmosphere.

The background problem is not so serious in the ultraviolet

where one can attempt to observe atomic resonance trans-

itions (H, C, is/), the'Lyman'and Werner bands of HZ, and the

Birge-Hopfield bands of N 2.

Observations of the torold would also be useful to study

the escape problem of H 2. and to determine the relative

amounts of H and H 2 escaping from Titan and the exospheric
Taberie 65 " "temperature, has calculated the atmospheric den-

sity profile of atomic hydrogen and then computes the flux of

atomic and molecular hydrogen into the torus. She finds that

the flux ratio of H and H 2 varies from 10 -6 for an atmos-

phere containing equal H 2 and CH 4 to 1.8 x 10 "! for a pre-

dominantlyN 2 atmosphere. Consequently, measurement of

the H 2 Lymanand Wernerhand emissions, in comparison to

the HI Lyman-cz line, will allow a determination of'_e rela-
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rive torus abundances and provide useful information on the

atmosphere and its composition. - '

Concluding Remarks

The satellites of the major planets are a diverse collec-

tion of objects and currently of great interest. It is seen

that several of these bodies possess atmospheres which can

be related to surface or interior properties. Since atmos-

pheres can be s1_dled by remote optical sensing, without the

necessity of direct probes, much of the first information

about the history, interiors, and surfaces of the satellites

will be obtained through atmospheric studies. In the future

we can expect stellar and radio occultation measurements,

further optical observations, both ground based and in wave-

length regions inaccessible fro..rn, the ground, ionospheric

plasma probe experiments, outer atmosphere and torold

mass spectra, and eventually probe missions directly into

the atmospheres.

These notes have been directed toward the atmospheres

of]o, Ganymede, and Titan. With regards to the remaining

satellites /'or which atmospheres have not been observed, we

close by recalling Huiperts remark that the matter sJ_ould

not be regarded as closed.
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The Pioneer ]0 u]tmx-io]e_ photometer obse._'atlons of the Jovian hydrogen
to_ are sz_.v'z_._ to obtain the s._-ular distri'buiion. The cloud is L_.'mmctric
about Io, where the atoms pr_mamab|y originate, with the greater density oocur-
ring in the trailing portion. A simp|e mode] which a_a_es Jeans escape from the
atmosphere of ]o is de,-e]opedand comparedto the observations.The results
stagiest that the exospheric temperature is high (-.30001¢) and that the ionization
lifetime of the ©loud atoms it --I x 10sse¢.

][._'TRODUCTIOI;

_'_ae presen_ of a c!ou_ of hy_gen
,toms in orbit aroundJupiter at the
sbital radius of ]o and approximately
_ntered about, that, satellite was found
erperimcntally by Pioneer ]0 ultraviolet.
photometer observations of the resonantly
_ttered Lyman-a line and announced
by Judge and Carlson (]974). The origin
._fthe cloud is presumably due to atoms
_.api,g from ]o. Such a cloud of orbiting
_.vdrogen was predicted earlier by 31e-
b0nough and Brice (1973) for Saturn and
• as also suggested by them for the Jox'isn
_._t(-m. Their model is based on the fact
;hat atomR which ese_pe from the atmos-
!,heres of /he satellite generally do not
I_ss_.._sufficient enerKv 1o escape the
_atral planet; the atoms move in bound
°_bits until lost by ionization. For ioniz-
IZi0n lifetimes whic.h are long coml_red to
:he orbital ]_rlod, the atoms will undergo
._an.vrevolutions before !o_ and the result-
=g density_listribution will approximate a
_lindrlcally symmetric torus.

The Pioneer obaer_'ation_ indiv_te, how-
Ver,thai the Jovian torus is not complete
ut occurs over approximately one third

th<. total circumferem_ {Carlson and

adge, ] 974).
/fi this work, the predw_.d angular

_linribution is evaluated with a simple

physical mode] and is then compared to the
Pioneer I0 observations. Yi'h/le the tem-
]_ra] variations of the H c]oud are not
_rel] established, recent observations of the
sodium emission cloud 03ergs'ta'ahl e/ a/.,
1974) show that the source of these atoms
is constant in time. It therefore seems

reasonable to assume steady state thermal
evaporation (Jeans escape) from the at-
mosphere of ]o as the source of the cloud.
With this assumption, the steady-state
angular density is obtained assuming a
constant loss rate. This latter quantity
and estimates of the exosphcric temper-
ature of Io are deduced by comparing the
observations with the model.

]b'_-XJP£R 1_! E KTAL O iaSERV,t TIONS

The hydrogen torus was observed during
several of ire orbits in the Pioneer 10
encounter phase at Jupiter, the most
complete set of measurement_ being ob-
tained on 30 lgovember 1973 (334e). At
that time the slmoecraft was approxi-
mately 60 Jovian radii (R_) from the
planet. The cloud was observed at an
0rbit_d pha_e angle of approximately 150"
measured with respect to superior con-
junction as seen from the spacecraft.
During most of this period the far side of
the orbit was in the shadow-_Vf Jupiter,
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Fro. !. The approximate _-omet ry of the Pioneer 10 spacecraft on 30/_'ovember 1973. The fi_tr_
is not drawn to s_ile.

consequently not contributing to the
resonantly scattered emissions. The geo-
metric aspects of the observations reported
here are indicated in Fig. 1.

Details of the instrumentation and

analysis are presented elsewhere (Carlson
and Judge, 1974); it is sufficient to note
here that the Pioneer spacecraft is spin
stabilized _ith the photometer field of
view (I ° x 10" FWH_[) oriented 20* tothe

spin axis. This spin scanning allows one to
discern weak optical features even in the

presence of the high background induced
by rnagnetospherie particles. Examples of
these spin scans of the hydrogen torus are
sho_ in Fig. 2 and further peak intensity
data are presented later.

Io was in the field of view during &
large Portion of the time corresponding to
the second scan (3t38=-Sb52 m) in Fig. 2.
It is clear that there is no enhancement

at that time and further, that the maximum

intensity actually occurs several hours
later, after Io has left the field of view.

Consequently, the angular distribution of

atoms in the cloud must be asymmetric
about Io.

The surface brightness of the tor_ is
uncertain due to uncertainties in the
vertical extent of the cloud. From the
lack of observed emissions when the cloud

was on the far side of the orbit and in the

shadow of Jupiter, it was concluded that
the vertical extent must be less than the

diameter of the planet (Carlson and Judge,
1974). If the vertical extent of the cloud
is 1 Jovian radii, then the observed maxi-

mum signal (-1.°5 countssec-:) corres-
Ponds to approximately 300 Rayleighs.
With an excitation rate of g __ 10-4s¢o -:

atom-: at Jupiter, then the column den-
sity in the direction of observation b
approximately 3 x 10 Iz cm -z. From the ob-

served angular width of-_120" (see Fig. 4)

and the assumed vertical e_ent of IR_,
then the total number of H atoms in the
cloud is --2 × 103:.

PREDICTED .'L_OULS_ D[STI_ABUTIO._

The origin of these hydrogen atoml
and their destruction mechanisms are

not established, and it is instructive to

compare the observations w/th a model in

._ Ok ]m* li'4'S
• .... ....

• ... *.

I I l I I I
*Z$ 0 2S "- S,O _ t_O

CLOCKa_._.E.it (_e_)

Fzo. 2. Samples of ]Pioneer l0 H channel .pi_
scans of the hydrogen toruJ on 30 ._ovember
1973.
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attempt to gain information relative
to these mechanisms. In this work we
ss._unethat the orbits for atoms escaping
_ith • certain velodty and direction can
be described _v/th an average ang_dar
veloc_y reJative to Io. The oontlnu]ty
equation is written for an assumed con-
_._nt. ]aM rate, and integrated _ the
assumption of Jeans escape from the
atmosphere of Io.

Orbila for atoms escaping from Io are
shown in Fig. 3. Those atoms escaping
in the direction of orbital motion populate
the trailing portion of the cloud while
_cape in the opposite direction increases
the angadar velocity and populates the
forward or leading part. Atoms escaping
from both the inner and outer points
possess orbital periods which are greater
than that for lo, and populate the trailing
portion. It can be seen from these tra-
jec/ories that the velar ire angular velocities
are not. constant, but oscillate about the
mean value, i_ecognJ_ that the oscil-
]ation_ will smooth the distribution, one
can proceed to calculate the densities in
the constant angular velocity approxi-
mation.

Consider a group of atoms which are
escaping Io with velocity ¢ (after escape)

FJ.. 3. Traj,_torics for bydr,_yn ate._
]eavijtg ]o with ex,'¢_ velocity of 2kmse¢-' in

l/w coordinate sy.tem rt_.-o]','_ w-h): Io about
Jupiter.

and at an angle cos -x p with respect to
velocity vector of Io. These atoms then
produce an angular deity n (_,_,,e)
(e.g., in atoms rad -I} where e is the
orbital angle measured with respect Io.
If the life time of the atom_ is _, then the

continuity- equation ia

_-[.%.(r._)n(r._,. ell =-_(v._. el/,. (z)

where Aw is average difference between the
angular ve]oclties of Io and the atoms
about Jupiter. From elementary mech-
anics,

,_,o= _o[l - 2prlV - (r/l')2] "n-,_o, (2)

where ooo and 1" are the angular and orbital
velocities of Io, respectively. For _ < V,
then

"~ -s_- 2_r/• (s)

SolvingEq. (1) gives

n(r,p) = exp[ 3,_oOzv/l,le'+ t_i2 l'=)]'

(4)

where the positive sign corre6ponds to the
trailing portion of the cloud and :F(]/2)
(v/l') </, < 1. Both the forward hemisphere
and a portion of the back hemisphere
populate the trailing portion of the cloud,
the r_lative amounts depending on the
velocity. Assuming that the atoms escape
from ]o isot.ropically, then

.(,.,el ffi,+of'=,,=,=/,,d_

[ 1el,;/_i_)]' 15)x exPL- 3¢Wo(/zr/l, 4-

_x'here _o(v) is a normalization (x)astant.
The atoms escaping from a p]anetar 3"

atmosphere are not monencr_etic, but
possess a distribution of ve]odties. We
assume here that the escape can be repre-
sented b.v thermal evaporation character-
ized by a teml_rature T,. It is convenient
to express velocities in terms oft_e thermal
velocity U, _'here

U = (2t'T./m)'L (6)

Referring to Oaamber_in (1903), the
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distribution of velocities at large dis-
tahoe• from Io (A-mMQIKT, r-;'_.d
U2--,-0) is found from the kernel of his
Eq. (35) ,trier integrating over angular
momentum coordinates. The total num-

ber of atoms escaping with velocities
(, <vlU <f +d_is

4=,,2.V,e-_r,* e-e(_ + p)raf, (7)

where rc is the radius of the critlad level
and .%"c is the number density at, that
altitude. This escape rate must be balanced
by the integrated loss r'-_te

T J' (8)

The last result is obtained assuming
_/I'< I. Equating the production and
loss rates determines no(r ), s¢ith the result
that the total density is

"-'J I ._ece 'c *

.(e) = 3v_

x [,_ Fo:(O,'eo) + F:2(eleo)], (9)

where

8o -- 6nUI"ITF, {I0)

r._-(z)-f= e'e<s f'
J o J:;_.12

and O- U/V.

The total number of atoms in the cloud is
easily obt._ined, assuming r/V < I as

,V:,9,,"'_,e-*,r,'U_(_+ A,). (l._)

S

D[scvssio.w -

The ohservatiunal data are sho_Lm in

Fig. 4 along slith nngular ,listributiona
calculated from Eqs. (9)-(!1) for temper-
atures of 100K and 3000K. At low tem-

l_ratures, the predicted distribution is
nearly symmetric, central" to the ob-
servation•. To produce the amotmt of
ns_ametr 3- observed, high velocities, and
thus high tenlpen_tures are required. The
Pioneer 10 results indicate that temper.
atures of onler 3000K (U =7kmsee-')
are appropriate although neither the
theory nor the experimental data allow •
very precise determination.

el_k, m, Webe.til.'14 ,snu'ltlste" xt';,lth nf fh,,

cloud is _120 =, and exhibits a decrease
which can be fit with the parameter
8o--4, impl3ing UT= 6 × 10Skm. If the
temperature of the Ionian atmosphere is
3000K. then T__ 1 × 10Ssee. The lifetime
against photoionization is ,--3 x 10s.*ee,
consequently an additional meehazfism
must be responsible for the high loss
rate. Charge exchange s_ith the magneto-
spheric plasma is an obvious candidate.
For a eorotating thermal plasma densities
of order 500era -3 are suggested.

20_
J I ! I

-- T.3OOO'g eO*4

---- T,,O0*" 0o,,0

II

-_ -,o' o_ _ _ ,_o _--',,o
8 (_-*O)

Fie. 4. The obaerved H L)-m_n-a intensity u • function of the orbital angle _'ith respect to Io.
Positive value* of 8 are for the tailing portion of the cloud. The solid curve ia • fit of (9) with 8o" 4 and

2" ffi 3000K while the dashed curve/8 for 8o = 10 and 2" = 100K_ The discontinuity m the curx'e_ at

e -:0 _ due to the aimplified theory and will he smoothed by o_cillatiorm of the a4Urr_ about their

mean angular velocity.
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It was previously estimated that. the
toted number of hydrogen atoms in the
cloud wM_" -- 2 × 1033. The corresponding
escape rate from ][o must be--5 x 10:acre -=

r,ec-t. If the escape process is indeed
thermal, and represented by an exospheri©
temperature of--300OK, then the H

atom density at the crificL] ]eve] is --2 x

] O' cm -3 and the hydrogen colunm density
in the exosphere is 6 × ]0:3cm-L

]t is important to note that the escape

process may be nontherma], in which ease

the concept of an exo6phere and the

corresponding kinetic temperature _a'ordd

be less meaningful, lgeverthelem, for

isotropie escape, the observed .,symmetry
implies escape with relatively high veloci-
ties. Corresponding high velocitim (and
perhaps high temperatures) •re suggested
by the sodium emission linewidth oh-
t,_inod by Hacy and Trafton (1975).

They found • width of 70mA O_V]-]M)
,which _'ould co..-re,..l_n_ _ .-..-'eL_.:tv
of-].gkmsec-: and lemperature_ of per-

hap_ several thousand degrees.

TOBUS: OBS_RVATIO_S

Contract 1_o. I_AS

Center.

ACKNOWLEDGMENT

Thi_ work waa suppurled by The National
AeronmHicm and Spate Administration under

_-6558 with the Ames

-i

Rzrzazxczs -

BE_c_ J. T., _):, D. L., a.x-v 3OZL,_-

r,o_, T. V. (]9";4). 8odimn D line emitsion_
frtma lb: 8)-noptie ohservati(ms from Table

Mountain 0bsen-story. Paper presented at
IAU _po_um No. _8, PJametarySatelli/es,
AuFust 1974, ltha,_,, ]¢.'Y. A_Eroj_ym. J.,

in press.
C_u,r,o._, R. W., a.-,'D Jtn)c¢, D. L. (1974).

]Pioneer ]0 u]tra_-io]et photometer ol:serv-

at ions at Jupiter encountex. J. Geop_ys: }/is.
"/t, $6_'23-3633.

_]m.t._, 3. W. (1963). Planetary. eoronse

and atmospheric evaporation. P/and. Epac¢
F_/. 11.901.

JU'DGZ, D. L., _._'D Ca.a.l.so._, R. W. (1974).
]Pioneer ] 0 ob_r_attiorm oft,he uhravio/et glow
L'_the ",_r:r_*.2¢ of JupP, er. r_,_.. _ ] 9.3, 317-- _ 18.

KxJomc, A. J., FrEX.VnO, O., S_:vDr.t., B. L.,
S_T.x-r_.o/, D. I_., Sr__x.,_-x.m, T. T.,
Wo_c_rm-rx. P. M., ___,"D_,xsoot., S. I. (1975).

The atmosphere of Io from Pioneer ]0 radio
oeeuhat ion m_menta. ]mrta _4,407-410.

]k_c','. W., a._"D Txt3"/,o_¢, L. (]975). ]o's sodium
emission cloud. ]oortw 25, in press.

DIS_SS_ON

3"v_,'0 : For a r,a_! fit to the spatial distribution of L3mum-a. Carlson m:d Judge
requirv t he b y, i rol:.en a i o,:,em it led _" ] o io ha v e a hlgh i empera t ure --_.JOO K.
However. the t.h.cl rm: profile d_dueed by Kiiont. et el. (1975) ,hews that the
upper atmosphere is probably not hotter ibm, 500K. A pussib|e solution to

ex-pla in ! he t we Iemperat urea _-ould be : the at mosphere of Io is in a quieseen_
state during occultation while the toroid hydrogen eome_ from Io at times

when th_ Mtdlite i_ aumrally active.
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Pioneer I0 and II Ultraviolet Photometer Observations of the Interplanetary

Hydrogen and Helium Glow: The Radial Dependence

K. Suzuki, R. W. Carlson, D. L. Judge

_bstract presented at the Fall Meeting of the AGU, San Francisce, 1975

The Pioneer I0 and II missions to Jupiter and the outer solar system

include photometric instrumentation for observation of the ultraviolet

resonance lines of atomic hydrogen and helium. During cruise phase,

continuing measurements are being performed of the interplanetary H and

He glow, which is produced through resonance scattering by interstellar

gas flowing into and through the solar system. The density and emission

profile of this gas depends upon the density, velocity, direction, and

temperature of the inflowing gas and ionization loss rates. The large

radial extent sampled by the Pioneer spacecraft can be used to determine

these parameters. The radial and angular variations indicate an inflowing

velocity of approximately 20 km/sec., flowing parallel to the ecliptic

plane from 240 o - 260 o right ascension. An interstellar He to H number

density ratio of _15% is found.
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On the Invertibility of Mutual Occultation Limht Curves

R. T. Brinkmann

Abstract presented at the Division for Planetary Sciences (AAS)-?Meeting,

_olumbia, Md, February 1975

It has been suggested that a series of mutual eclipse/occultation

light curves involving the Galilean satellites can be inverted to produce

albedo maps of the satellites' surfaces. A modelling study has been

conducted to determine whether the inversion can be accomplished in

the presence of realistic amounts of noise and systematic error. Synthetic

light curves of our own moon occulted by another moon just like it were

generated, noise superimposed and the inversion attempted. It is found

that the process works pretty well in the presence of amount of noise

representative of routine high-quality photometry. Light curves of

Galilean satellite events obtained during late 1973 should be capable

of yielding maps with a resolution exceeding 20 km in the case of Europa.

-@
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On the Inversion of Mutual Occultation Light Curves

R. T. BRINK3L_N_. "i
i
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The extent to which mutual occultation li_,2ht(.urae_.of the ty]_" that o_'cur
amon_ tho (;alilean ._ttellites of Jupiter. can |_,inx url_-d to pr_hwo all,.dt, nmps
of the surfa(.os has t_-<.n inxost i_atvd. Model vale.trial i()ll:.:}l;.ivi. bc._*itill qlU lit ilizing
tlw Earth's own ii)ttt.tlt {.13|lit. object ofstudy. ]t is found tlmt t}w lllXt'T'_ioI)prOC('5_
can be sm.c-,-.._folly acc,,mphsh,.d even m the presence ofamoums of rtu,d,,m noise
typical of r,,ut htc hi'.z'h-quaht y ph.tomet ry oft he Galih.ml ._ntellttes. The inversion
proces.,_ is also, rvas(,ttably tolcran! of syst_.matic errors in the li_--htcurves, such as
thoSO due lo ph,btometrw mmlm,.arity. I'nh._s the ]ilnb-darkel_in_ di_-tribution i_

pathological or the _dt'ometric (.]cm(,nt s adoptt'd are serloush" in error it should be
pos._,ible 1o produce fairly high r,.solmion maps of at least'some of the (;alilcan
satellites.

INTRODUCTION

In late 1973 and early 1974 a series of

several hundred mutual eclipses and 0ceul-

.,,,,_,,,, ua u uj_tl.l _ %|¢llllt'all '_11 L'IJI t_b

occurred, as seen fi'om the Earth
(Brinkmann. 197:t: Brinkmann and 31itlis.

1973; Milbt,unw and ('arey. 1973: Aksnes,
1974). A large number of these events were

observed photometrically from various

stations artmnd the worhl. In principle.
t he resuh ing light curves can be "invert ed'"
to produce albedo maps of the satellites'
surfilces (Brinkmann, 1973) and. in filet,
some early attempts in tiffs direction have
been made (Murphy and Aksnes, 1973;

Vermilion et al., 1974; Herzog and Beebe,
1975). These attempts have used only a
few light curves and the procedures u'sed

leave doubts as to the uniqueness of the
inferences drawn. The ])resent author has
for some time been investigating the
possibility of analyzing all the data
available from the Lowell O],sc.rvalorv

data bank (Brinkmann and Millis, 1973)i_1

a more rigorous fashion. Since the actual
data contain not only noise but also

possible small systematic cl'rors -and since

a rigorous a posteriori error analysis may
be pl'ohibitively difficult and ]cs.er

J N._v r_,tircd
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attempts possibly misleading--it was de-
cided to conduct modeling studies to
determine the extent to which albedo

maps derived from occultation and eclipse
ltl_._'llt I. Ul _,t'_ rio lit lctL't L'OJ/lz'bpOll(l I() ille

actual albedo of the satellites involved. In
this paper only oecu]tat ons are con-

sidered, owing to ]imitations on computer
availabilit v.

The object chosen for st udv was t he near
side of our own Moon. Albedo differences

on the Galilean satelliles are expected to
be at least as large as on our own Mr,on so
this should be a sufli(.ientlv cons_.rvative

case. Several simplif.ving a_sumpt ions were
made in these calculations, many of which

will not be permissible in analvzin,, the
actual Galilean satellite data. ,_om(. of

the_e assumptions are a.¢ follows. (1) The
moon alxvavs ]wesents the same face to the
observer. (2) It is occulted by another

moon just like it, of equal apl_arent size.
(3) The sun. a point source, is infinitely far

ax_ av. (4) The ent ire oltservable hemisl)]mre
of t)_(. moon is illuminated" there is no

terminator visible. (5) Relative satellite
motion for the various events is at a

(.onstant. uniform rate along straight,
parallel lines at known locations. (6) Tl,ere
is no limb darkening.

Th(,s(. assumptions simplify t he analysis.

The results of the ana!vsis are al,ifli(:,ld(.
69
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to tile actual situation of the Galilean

satellites with tile sole proviso that if

strong limb darkening is present and if, for
some reason, it cannot be determined and

included in tile analysis (if, for instance, it
varies wilc'llv over the surface), then

trouble ma.v result. The picture of
Ganymede obtained by Pioneer 11
(Anonymous, 1975), however, shows no
such limb darkening.

The starting point is tile high resolution,
photographic-photometric albedo map of
our own moon of Pohn and Wilder (1970).
This map was overlain with a _:0 by 70

square grid (corresponding. in normal
projection. Io 5_km on a side) and the

albedo wilhin each square careflfllv eye-
ball-integraled to produce a mean value
for each square. Some of the squares
conlained no moon and were given a value
of zero. Albedos for squares containing
some lunar limb apply only to the portion
of the square containing moon. This 70 by
70 array constituteS tile basic data of this
studv. VThe array is designated 1) and tile
_.l ......... +_ 7h ...I _ " ) _r .... , _1

_.l[ Illt.-Ill." lllj , _'**lllt-"l * | (lt',_l_llltt[', _ tll_ lO_

andj the column.

O('('UI.TATION LIGHT (_'IRVES

In this stmlv we ('¢msidcr only oecu]la-

tions. Ec]ipse_ are sli,_,hllv more difficult
to deal with. as a shadow t:unction must be

convo]ved inlo the analysis. They also

require considerabh more (a fiwlor of 5 or
10) vompuler lime and storage space.
(Th(...,e remarks al,ldy Io aetu;d Galih.an
salellite eclipses: With a ]mint-source.
infinilely distanl sun. (.clip_r_ and (,rcuha-
t.ions wouhl be virtually t-quivah,nl ) Most
of( he coml)utatit)ns in Ibis sl udv _(.re run
on a PDP 11 43 mini(.()mlmler.

In a straightfor_a)'d c()ml,Ul(.r-gener-
aled plot of the 70 by 7o allu.do array the
grid structure '_vou'ht be ol,jec'tionably
aplmrent. This is an arlifact of lhe

digitizing ]_r(,c'('ss and must l_(.(lone away
with if we are to have confid(.nee in our

results (an(l lo av(,i(l the objection that we

are biasing our results by using tl,e same
grid or c(_aligne(l rommensurale grids for

J A_ n mall(,r of int_,r(.st, t),_. m,,an J,,,rm.l

all,,.d,, d,'termirH.d in this wax" x__i_ O.I I _',1;.

tT:,:. 1

/
Sl.I

"_.1.1

g ::.,::,!,:.I

_-,..: '-!._ '-_.d I 7_,_

t,.1.4, l

Z%.._

It-" , "
:..-: :..,.,.:

Fro. I. The division ofan elomem of the all.-d,,

arm3". Di. j. imo subelemems. SA.I. k= 1. 5;
1=1.5.

digilizing and for analysis). This is done in
the following wav. We divide each of lhe

4900 elements into 25 squai'e sul_elements.
'q'_, i 1" = I 5" I = I :_ IT,An(. +l_o ,_rm_.nol:_-

ture of Fig. l _e firsl set

S_. _ = D_. ,.

If any of the surrounding 1) values
(1),__.j__, Di__.._ , etc.) is undefined (I,e-
cause one or both ofils subscripts is either
0 or 7]) it is assigned tim value of the

defined 1) value with 0 sul)scril_IS incuca._e(l
t(, I an(t 71 subscripts decrt'ase(1 to 70. If
any of the surrounding 1) values is zero
(thal is. if that area (']('IlK'Ill t'onlaills IIO

moon) it is assigned Ill(' value ]),.a" 1Ve _.t

,g_. _ = (1),.j = l),.s_ _ + Di__.__ ;
= 1),__. d)'4.

,_-'_. _. = (Di. j = 1),__. j -- 1),_:. j_,
+ 1),.__ _)'4.

Ss. s = (D,.j-_ l),.j., - 1),._. _-m
= l),.n../) 4.

S._., = (D_.j = i)___._ + 1),__.j__
+ D,s_,)4,

and

S_. _ = (D, s + D,__.,)'2.

S_. s = (D_.s _ D,. ¢.t).'2.

Ss. _ = (D,._-'- D_.,._)'2,

S_. , = (Di.._-,- D,.j__)'2

..#
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We interpolate linearlv among the 9 S
values so calculated to obtain the other
16 S values. Then we sum all 25 S values

and renormalize them so that they. average

to Dj._. (In pradtiee, the normalization is
done before the other 16 S values are

computed by interpolation.) This pro-
cedure "smooths the edges" of the 70 by 70
elements and eliminates the visible lracvs

of the digitization pr_,cess. This is the lunar
albedo map adopted for this work. It is
still only necessary to store 49o0 ntmlbers
in the computer and the resolution is still
of t lie order of 50 kin.

The albedo "maps" presented in this
paper were generated on a "'Cal-('on:p'"
type of plotter. Ten different shades of

.gray are available for each subelcment.
S_._. noxvever, since exlreme values at
eit her end of t lie st',ale are seldom used. t lie

effective number of shades of gray is
nearer five or six. The "photometric
density" of the various shades is not

strictly linear with albedo: dot patterns
were seiected to give what seemed a
rea,_onable mrmolonie lwo,_,res_ion of densi-
ties. Furthermore. to accentuate albedo

differences, or contrast, t he shatte_ of gray
were assigned values from "'nearly white"
to "nearly black." Actual all,.do varia-

tions are smaller than this. ('onsequently.
differences between shades of gray aplwar

larger than they really are. This aids inlet-
comparison of maps but tends to make the
agreement, or eorrelalion, belwt.en |na]_*s

appear less than it really is. Some of the
contrast disaplwared in the ph.to,,.zraphie
reproduction. Addil tonally, limit aliens on
plotting width available, ldotting time
required (about 0.1 see per dot) and mini-
mum dot size for available pens resuhed in

a coarser grid of dots than would el herwise
be desired. A fllrther problem is that
the characteristics of the pen fi'eqvently
changed considerably fi'om plot to plot
and from the beginning to the end of a
single plot. Thus, the plots in this paper
are rather crude representations of the
results achieved, though they should be

adequate for the present purpose. It is
holwd that if and when actual C,alilean
salcllite data are inverted a bctlcr means

of pictorial represent at ion will be available.

We subdivide each area sul,eletl)ent,

Sk.a, into an 8 bv 8 array of sub-sub-
elements. Each sub-sube]ement is retwe-

seated by a pair of X-]" coordinates
specifying its position (the position of its
center). "_Vhether a dot-appears at a given
sub-sube]ement in a eorffpuler plot depends
on the dot pattern associated with the
a]bedo of its parent gltbelement and the
sub-sube]ement's ]oea{ion in the sub-

element. S. However, in computing the

synthetic light curves and inverting, the
albedo of a subelement was uniformh"

"'pa rt it toned'" among it s sub-subelement s.
Thus. in place of the two-dinwnsional
h,nar disk we have an array of 70 >. 70 ×

5 x 5 x 8 x 8 = 7 S4_b 00(J points. Of these
about

[(70-" -- = × 34.75S:)70-'] × 7 840 (H_O

= 1 767 334

lie outside the lunar radius and are
associated with an albedo value of zero.

The remaining approximately 6 0o0 oo0
poims are associated with one of the
4.q00 _ 25 subelemenl albedos deh'rmine(l

by the 4,q(_0 measured all,edos. This grid
size eorresl_on(ls to 1.25km in the lunar
normal plane and is sufficiently fine to
assure t hat digitizat ion noise will nol affect
the results of this st uth'.

,_vnthetic occultation light curves used
in this study were ('Omlmled with the full
1.25km resolution. The various inversion

programs, houever, utilize a user-s I weili(.d
resolution. In this pal,er a resolution of
l/lSth diameter (about 20(tkm), rather
than I 70th, was used. This was done

because of ]imitations on computer time
(and storage space) available. A wi(le
range of n_o(lel corn]rotations was to be
done and il was felt that the overall

behavior of the inversion l)rocess ('ould be
adequately studied with this lower resolu-
t ion. Furl hermore, the impact para meters
of the occultation events synthesized in

this study were uniformly spaced at about
1/18th hmar diameter, so it is noi expected
that much additional detail exmld have

been recovered by increasing the COmlm-
tat tonal resolution.

Ort'uhation light curves are ,._,en(*r:Hed
as follows. An impact-:parametcr, or miss



-70-

72 R. T. BP, INK3IANN

distance, a time step, a siarting time, and
a stopping time are selected. The iml)act

l)arameter must be between -3475.8 and
+3475.8km. The computer programs are
flexible enmigh to allow the time step to
va n" (or, for that matter, to allow the
occulting moon to be of a different apparent
size t ban tile occulted), but for t his analysis

a constant time step was felt to be ade-
quate. Typically a time step of 5see is used.
The relative speed of the two moons was
fixed at IOkm see.

.M_ initial calculation is done with the

two moons completely separated. A sum-
marion is made of the albedos assoeiated

_-ith each of the 6-million-plus "dots"

comprising the moon to be occulted. This
is the preevent intensit.v: ils units are not
imlvortant. This intensity is doubled to
allow for the fi_et that the oem,lling moon
will also be "in the al,erture" during the
event.

The time is now set equal to the starting
time, which is normally chosen to be just
after the time at which the two disks begin

overhq)lfing. (kmveptt,ally. t he o(.(.ulting
nl(Jon iS nOW rt.l,(,.dtione(1 in su(.h a way
that it partially overlies lhe o('cuhed moon
(see Fig. 2). 'I;}w albedos as.,,ociated with

the dols that have been ('overed u t);lre nov,"
suhtra('ted from the initial sum. This

revised alb(.d(, sum. expressed as a f,'action
of the inilial alh(.do sum, is the relative
intensity at this time. The time is then

sequentially incre,nented by the time
steI). All,e(Ios a,_so('iate(l witl] dots newly

'22_::.:

I

Fie,,. 2. Occultat ion g(.omt.lry. As th(. ovculta-

lion g(.ts under x_av. points on tl,e lunar surface

are eovvred from view. A._ the evettl pr,,t.,-ods.

points will begin to |_. uncovered m_ _ell.

covered are subtraeled fl'om the all,edo

sum of the previous step. Eventually, clots
will begin to be uncovered as well. Aet.ord-
ingly, the albedos associated with these

dots are added to the albedo su,n from tile
previous step. The_ new albedo sum. at
each new time, is_'divided by the initial
a]bedo sum to produce the relative in-

tensity at that time. The stopping time is
normally chosen jugt before the time when

the event is over. The light eurve for the
given imlmet parameler is the set of time-
relative intensity pairs.

Light curves ('ah'ulated in this manner

for our moon at impact parameters
uniformh spaced between -3400 and
+3400km at 200kin intervals are shown

in Fig. 3 (with artificial noise super-
imposed). Also shown in this figure are

curves computed for a uniformly bright
lunar disk given by a simple geometric
expression. Differences between the t_vo

sets of curves (or the lack of differences)
contain the information about the albedo
of the real moon. I)ifferenees. it can be

seen. are typically about '2°{,. For the
C,alilean satel]il(.s they may be some_vhat
greater, bill it is still" clear that accurat(.

relative l)bolometry will be needed to
produce good results. }'ortunately. the
least-squares approach to be adopted in
this work may be able to extract albedo
information even if the noise in the data

is coral,arable to the differences in Fig. 3.
That is one of the things we wish to
ascertain. The eus I) in the "head-on'"
occultation (Fig. 3) al)l_ears because the
two bodies have the same apparent size.
If they were of different sizes there would

be a "plateau" region for Iota] and
annular occult at ions.

The light curves calculated by this
process are ready to have noise and/or

systematic error incorporated and then to
serve as "observed data" in the sub._.quent
attempts to infer the original albedo array.
We postpone to a later section the details
of the types of noise and error used.

THE INVERSION I)ROCESS

The computed light curves, modified so
as to simulate noise and instrumenial-

at mospherie peculiarities, are now assumed

.,o
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to be "data," i.e.. the results of measure-

ment. The 70 by 70 grid of albedo values

used to compute these light curves will not

be used again until it is time to c.ompare

our inferred albedos with tile known

albedos, except as specifically men-

tioned.

Initially, a "'differential" mode of com-

putation was adopted. Rather than con-

sider the value of a light curve at various

times, we consider instead tile cl, angr in

the value of the light curve l,et_veen two

successive times. If a light curve contains

n points (times) it will contain n- 1 time

steps. We denote tile change in a light

curve during a given time step by 51,.

During this time step the nun)ber of sub-

sube]emenls, or dots, in each of the n > n

(where n_< 70 is the number of resolution

elements per diameter) a]bedo elements

may change (except those containing no

moon). We designate the change in the

numl,er of dots contributing from a]bedo

element D,.j during time step t by 6cl..,.
We call this. for want of a better ter-

n:in(dog.v, the "'c]mngv factor" ]t may be

positive, negative, or (u._ually) zero It" is a

sire|d(, geometric quantity an(l does not

(]elp(._(] (m any km_wn ou assum(.(t a]betlt)s

in any way.

F, in(.e we kn(m nothing, as yet. ahout
the albedo (listributitm on the surf, ce, _ve

(:allnot enforce IlK" "'gradation" 1)ro('cdure

as we did in the ]m.t'eding set'lion. ),Ve
assume that the albedo in each of the sub-

subeI(.ments is the sam(. as tile all,(,d(, of

its associated clement of the 70 by 70

array. A more sophi,_ticated alq_roach

couhl enforce the gnu|at ion. Ah(,rnativelv.

it is po._sibh' in princil,le t(, iterate the

gradations into the solution after the

initial _olution has been obtained, but we

do not consider these po._sibiliti(,s in this

paper. (The computer plots of the results.

however, will have the gradation enforced

for appearance's sake.)

To determine apl)roximately the un-

known albedos, D,. i, i= 1, n; j= 1. n

(n_< 70), we minimiz(, the ](qi_t-s(]llilles

expression

/1 n

_x-w,(81,- w "_ 5c',.jD,,j): (1)
! i=1 j=l

with respect to tile albedos. D,.j. Here the

sum overt is over all the time slel)s fl,r all

the occu]tations and w, is a _(,i_htin_

factor associated with the "ol)_erve(l_data _"

at this time step, 51, is the observed data

change at this time step (the difft.rcnce

between sequentiaElight curve intensities,

as computed in the" preceding section), the

6c[.j are the cha, Ijge factors as already

defined, and the -D,.j are the unknown

albedos. The weighting factor allmvs one

to weight light curves differently (e.g..

light curves obtained on large, a('(:urate]v

guided telescopes with stable, efficient

detector-reeorders on clear, atmospheric-

ally stable nights would receive hi,..,h

weighting). One can weight different parts

of tile same light curve differently (e.g.. if

ohserving conditions (.hanged during the
event). In this analysis we take all the

weighting factors equal to 1. The "'change

factors" are (.omputed in the same com-

puter program that computed the light

curves (the.v do not utilize the known,

starting albedos) and are stored, after data

('Oml)r('ssion. on a large randon_-a(.t'ess
disk file.

I)ifft, r(-ntiatillg expression (1) with re-

Sl,(,('t to one of tim unknown alb(.dos.

/)*.t, and setting the result equal to zero

pr_ulu('es an equation linear in the
llllkn()WllS :

n tl

x'w,(81,_ v v bc_.jDi, j)(_cl.l=o" {2)
I i=l j=l

In all. there are as many such equati(ms.

as there are unkllo%vns, namely. 9,, !_

minus those elen)ents that geometrit'allv
lie entirely outside the lunar disk and

hen(.e can make no contril)ution to the

light ('urves. Utilizing the change factors

st()r(.d in the disk file, we can then comlmt(.
the ('(,eflicients of the unknowns in the

linear equations and. using the "observed
dat_C" values, solve for the unknown

all,e(h)s.

There are two l)roblems, ho_vevcr, or

perhal,s two aspects of the same problem.

It is possible that some of the unknowns

will be poorly defined by the data, de-

pending on the distrilmtion of ixnpact

parameters and consistency of the data.

Perhal,s the goodness of fit of t he synlhct ic

..¢
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to the "observed" light curves is insensi-
tive to a given albedo eh,ment or to all
such elements in a given arca. Or perhaps.
though the average albedo in a given area,
large o1' small, may be well determined, tile
fit is just about' as good if all the elements
in this area ]lave tile same value orif they

]lave appreciably different values. Clearly
some sort of"smoothing,'" when l_ermitted
by tim data, would be desirable, not only
to improve tile aplwar-anee of the result ing
map but also to avoid the eompu'ational
difficulties associated with floatine point

overflows underflows and divisions by zero.
I.el us add to tile expression in (1) a

smo(,lhing term •

•v.. (81,-- "_ _ be', _i) i _):
t i=l j--m

n n

"K _ v (Di.j
i=l j=m

-- (- _ r i_.__ ,j_, Dh ,)". (a)
t, ="- :t m="Z :t

Here K is a parameter that can be chan,,ed

i() vary the overall degree of smoothing.
The (-(,eflieients r=,, are weighting factors
svnm-normalized to 1. For large nt. n the
value of r,,., is zero ._o that the number of
terms a('luallv included in the inner
summation need not be excessive. If we

wished, for exarnl_]C , to use on]', nearest

neighbors in the smoothing process we
_ oul(I have

r0. D= rl.o =- a]. all other ri. _ = 0.

]f the eh.ment under consideration lies

near the edge of the mo(m so,n(,of its
neig]_l_tws rllaV hilv(" the vahl(' z(.ro or iliav

be undetin(.d (one or both sul,.-eripts mav
be zero or n(-_ative). Ill these ca_es we

redefine tin' all_(.(h) for those eh.ments to

lm tim same a_ the albedo of the clement

in question. Nupl,ose we wished to use

nearest neighbors and next-nearest neigh-
]_tl'S Then we would have to specify the
relative weighting to be act'or(led these

t``vo types of neighbors.
A computation was (]one to determine

tile extent of albedo eorrelations with
distance on our Moon. Tile 70 by 70 allme(lo

arrav was used. Figure 4 _hows the results
of tl_e COml)ulation. An average was math"

INVERSION T5

of the al_,solute value of the albedo differ-

ence bet_vren all l,t,ssible pairs of alhedo
values (excluding zero values) xvho,c ele-
ments have a given center-I o-ce,lter

separation distance. Such an average was
obtained for all possible separation dis-
tances. Tile horizonta3 axis in Fig. 4 is

separation distance iff kilt)meters and time
vertical axis is average albedo difference.
An the separation approache._ the lunar
diameter. 3475.8km. the statistics become

poor, explaining tile erratic behavior in
this region. From Fig. 4 we see that area
elements separated by more than about
6tur-,_(_f;km on our Moon are not much

more highly correlated in albedo that1 anv
two lunar elements picked at ran(tom.
Elements closer than several hundred

kilometers are fairly highly correlaled.
hmvever. \Ve choose 1o use for smoolhing
purposes neighl,ors no further apart than
50kin >: 17': >" (7(I _,) = 206.2km >. (70 n).
The weighting factors r,,., are given in
Table 1. They are obtained by divi(ling the
"number density factor" by the average
correlation squared and normalizing to 1
Tile "'number density factor" is a some-
what artificial term obtained by "'eyeball

smoothing'" a plot of"change ofseparat ion
(list ante'" versus "separat ion (list anee as
one scans through Table 1. Tile number of
n; - n (.ombinations that pr(,duce a Sclmra-

lion distance within a given ,, ,ran._( rot'teases
as the sel,aration distan(.e irrcr(.as(.s. Thm,s.
the numl,er density fa('tor l)revents undue
wci,L'ht from being given to large n,- n
(.,mllmmti(ms. ])ivision by the s(tuare of
the "'average correlation:" is the a]qw(m-
l,riale stalisti('al l,ro(.o(lure in an inslant'e

such as this in xvhi(.h we have several

estimates of a quantity with varying
uncertainties. This is the m(,th(,d used to

derive time quantities r,,.,. Other methods
could have been used. Tire results sl,mJld
not be sensitive to the details used.

Tl,e weighting factors z',,., are valid as
defined only for n = 70. For n = l g. as is

the case for the present study, the "separa-
tion distances" (Table 1) should have been
larger bv a faclor of 7fl,'n and tire "average
(.t,rrelations'" approlwiately corrected Be-

cause of an oversight, and the inal)ilitv to
rerun tile programs when this point was
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TABLE 1

_VL'I(;HTIN(; FA("FORg I'm, ,i

?)Zo lira

._tlll|ber

S(.j m rat iol1 A x'vra ge del i._iIy

d i,q an('( 'b (', ,rruh_l i(m c f, iet or v,,..

1 0 I .O(ff_(O 5.56166 1.00 0.44642

1 l 1.4142] - .o_ 0.75,.l(m_o ( 2"497

2 0 2.,,PnUO b.63945 (,.55 0.10175

2 1 2.2:t607 9.27;¢(,0 0.45 O.07227
O O O ,,2,.... b__43 10.5946 0.38 0.04675

3 o 3._._l,lO 1u.7577 0.32 0.0351 b

3 1 3. I (,--8'')') ' l 1.0920 O. 28 0.03143

3 2 3.6n555 l 1.9428 0.24 0.02324

4 0 4 Ju m(lO ) 2.3o53 0.21 0.01915

4 ! 4.12311 ) 2.5254 O. 18 (,.Ol 5'q

" t'm._ _ t'a.m: t'O, 0 _ 0.

Unit is 50kin.

¢ From Fig. 4, ira alt,_.d,, unils of O.UUl.

..4,



-75-

LIGHT CURVE

appreciated, the weighting factors are not
rigorously valid. However, this is not
expected to be too important, since tile
solution of the linear equations is not
expected to be very sensitive to the details
of the smoothing process, but only to the
overall degree of smoothing. Furl l_ermore.
there is 11o guarantee that albedo correla-
tion with separation distance for tile
Gali]ean satellites will be similar to that
for our Moon.

If we differentiate expression (31 by one
of the unknown all,edos. D,<,. and s.2l the
result equal to zero. we oblain an equation
linear in tire unknowns:

h" K

_v_i', (M, - ,r x- _rI. _ D,. _) Be'..
t i=l j=l

+ K (D... - "_ "_ v__.,. :__.. I)_ .3
• t-----_: "_- '" "

-K _r _r (D_.j-
i=l j=l t_---_ I=---_:

v _4 . !.i-r,D_,. z)v,,__,.:. :j_. = 0. (4)

Here w,. _I,, ,%_._ and __1_,,_have a],'eadv
lwen defined" K is the "'smoothing
parameter," and the vi. j are the weighting
faclors for smoothing purposes (fi'om
Table 1): Although there are summations

fl'om -_ t o -:-_-. since v_. j = 0 for i-"+3: > 17,
in ]wactit.e onh a rather mndesl number of

terms need to be retained, ew,n for large .Y.
Here. we have let 3" replace tim fiwmer n
to avoid confusion with the subscript n.
Tile double summation over the v's

alqwaring in the last term need only be
performed once and thereafter can reside

as a table in the computer memory. As
bcfore, any D having a value of zero is
redefined to be D,.... as is any /3 value
having a zero or negative subscript. We
can obtain an equation such as (4)for
every unknown. Solving these linear equa-
l ions gives the albedos sought.

This procedure fits, not to tire data
themselves, but rather to changes in the
data. If we wish to fit to tire data them-
selves instead, all that is necessary in the

foregoing equations is to replace _I, by I,
and 8c_ .t bv c'. . _.j;lfistheintensitvattimet
and c_ is the contribution (i.e., number ofl.J

"dots" contributing) of the i, jth elcment
at time t. The parameter K will take on

INVERSION 77

larger values, in general, if tile fit is made
to the data rather than to the time

derivatives of the data. Both procedures
shmfld give equivalent resuhs when the
amount of noise is very small. As the

a mount of noise beeome'_ more appreciable
the differential approach may not work as
well as filling to the data proper. Indeed
this was found to be the-case.

_'OISE AND ERROR

Figure 3 shows tile computed synthetic
light curves with noise superimposed. Tile
noise, generaled by a ])seudorandom num-
ber generator, approximates Gaussian
noise with variance 1%. This is the rms

difference between the smooth (not de-
picted) and noisy curves. Tile rms fluclua-

tions wittfin the "'data" of Fig. 3 would be
1.41-t% and the "noise bandwidth" would

be 2%. Computations were also done with
variances of 0.5 and 2%. Careful but

routine relative photometry can approach
t*Ac *t-a_t llUl_, tOl tllt'_e UdSeS. lne data

points are at Gsec intervals: if the initial

measurement frequency had been l sec.
as is often the cage. then the noise in

the raw data would have had variances
larger by a factor of x '5 (if random noise
predomi'nated).

For wide-band photometry of the
Galilean satellites with a small (_24")
telescope and a 5see inlegration period
one would expect from theoretical con-

siderations roughly 0.2% noise due to
photon stati._tics and perhaps 0.3% noise
due to atmosl_heric scintillation. There are
other, one hol,es less important, sources of
noise. Our =.1% and ' o__ --I /o rms ca_s are
expected to bracket much of the available

data adequately, thou_,h confirmation of
this must await a further study. About

half the more than 200 light curves
available for the Gall]can satelliles have

noise levels not appreciably worse than
our 1% ease (R. 31il]is, private communi-

cation)..am example of an actual light
curve, one of a half-dozen obtained by the
author, is shown in Fig. 16.

We distinguish systematic error from
noise in that the former has a time constant

appreciably larger than the integration

"2_

..O
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lwriod. Principal sources are often changes
in atmospheric transmission and instru-
mental drift or nonlinearity. Computations
were also done with data simulating a
"random systematic error." A random
number R from a uniform distribution

(between 0 and either _ or 1%) was

generated for each of the light curves.
Each intensity I (between 0 and 1) was
then replaced" by 1 + (1- 1)*R. This is

equivalent to loeating the "zero levels" of
the light curves incorrectly.

]:_ ESULTS

The first results presented were obl ained
in the differential mode. in which the fits

were not to tile light curves themselves,

but rather to <'hanges in the light curves.
or to the slope of the light curves. That the
t_vo proeedvres are not the same is illus-

trated sehemativalh in Fig. ,5. The points
in the upper l,art of the figure have been
least-squares fit by a strai,,ht line. The

,JJJt., ua_..t-u _J tJ_t" H_uJt', Jla._ a l_OSlli_e

slope. In the bc)ll(llll part of the figure the
slopes are shown as olden circles. Fitting a
_traight line to these slol,es would resuh in

Fro. 5. Differt.z,ev_ betx_een tiffin,._" I_ data

(lop) and fittillg tO _h_p(" (l_.ttosn). ()J,,'n ('irt'le_
are ._lope._. eh,,_ed dot._ dnta. Strm'.:ifl-lim-fit It,
data {lop) has positive sl,,l)_.. (',,_._an_ fit, t_,
_lope (bottom) is zpr(, go _1r:.tU,hl.]lfip _Jl1_, tiara
has zero slope.

a second-degree polynomial on the data

scale. Fitting a constant to the slopes
results in a famih-of straight lines (on the

data scale) with zero slope. Adjusting the
eonstant of integration (via another round
of least-squares f[t-ting) produces a fit to
the data, but it _ clearly a different fit

than was obtained by fit'ting directly to
the data. The dif_redtial mode eoml_uta-

tions were perfornled because this al)-
]woaeh. it was hoped, might be less
sensitive to small discontinuities in the

data. ]t was found, though, that when

realistic amounts of noise were super-
imposed on the data tile results were
overh" sensitive to the details of tile

superiml}osed noise.
Figure 6 shows results of the inversion

proeess in the differential mode with no
superimposed noise. The nine moons illus-

trated represent different degrees of im-
posed smoothing : t he smoothing para meier
inerea_es by a factor of ]0 from moon to

moon. The upper left moon has too little

smt_othhlg: the loxver right has too much.
Intermediate values give a very nice
piclure of the moon as We know it. A

photo,_'ralfll of the Moon (Fig. 7) can be
used fiw comparison, although the resolu-
lion in the photograph is better than tile
200kin set in the eomputer program.
(']earh. a great deal could be learned fi'om
similar pictures of the (;alilean satellites

These results eonfirm that tile computer
pl'ogranls contain no nlajor errors add ]av

to rest any arguments that the faint-in-

heart might advanee regarding the theo-
relic.a] noninve)-tibititv of mutual event
light eurves.

]n the ul)])er haft of Fig. 8 we present
results still in the differential mode. but

this time with -I°A, rms noise SUl)er-
iml)osed on the light eur_'es. The two eases
are for increased degrees ofsmoot hing. The
moon on the ]eft does not have enough
svnor_thing" the one on the right has too
much. I)ireetlv below the_ moons are
n]oons ol,tained the same wav but with no

noise Sulwrimpo._ed on the light curves
(from Fig. 6). Here the method appears
not to lm so successful. There is a great
deal of information in the Ut,l_.r ]eft moon
but it is not as obvious as we would like,
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nor as r(.liable. Perhal)s a moon with

slighll.v more smoothing than the one in
the Ul,l_(.r left would have been a little
more satisfactory, but it woul(l ])robably
still have fidlen short of the goal.

Consequently, the remaining ('Omla]ta-
lions were done in the direct-data-fit ]node,

as described 1)revir)usly. A series of moons
generated in this mode with different
degrees of smoothing and no noise is shown
in Fig. 9. This series is 1o be compared with
the series in Fig. 6, which was for the
differential mode (fitting to light curve
slopes rather than the light curv(-_ them-

selves). Again. the smoothing parameter
increases by a factor of 10 from moon to

moon. Even when there is very little

smoothing the solution remains precise:
There is none oft he grid st ruct ure a lq_arent
as there was in the first few moon._ of

Fig. 6.
Next. computalions were done. again in

direct-data-fit mode, with =_°A, random
noise and various values for the sm(,(,thing

]_arameler. The results are shown in
Fig. 10. The smoothing ]_iiramet(.r. as

l,(.fi)rc. ('hal)gcs bv a factor of l0 I,(-t_-(.n
nl(Jons.

.4'



-78-

80 R. T. BRI.NK.MA.N.N

1"I(:.";.P)iol(,graph of lh{"Moon al a s,,nwwhal

bl_lll.r r(-solulion lhnn lhal mihz_,d in l},e

eomlmler.general4.d plol s.

The first moon in Fig. l0 displays the
characteristic "checkerboard" patlern that
resuh s when too little smoothing is used on

noisy data. As the smoothing parameter is
increased the patchy structure disappears

and the real features remain. As the

smoothing is increased further, even the
tea] features are forced to disaplwar. If

there is too much noise the middle slage
will be missing.

Figure l 1 conia,(ns moons generaled in
the same manner-as those in Fig, l0 but

with the smool_ng parameters truer-
mediate between those of the second and

third moons of Fig. ]0. Thus. it i._ an
"expansion" of part of the range bet_een
these two cases. The smoothing parameler
changes here by 10 °'= 1.26 fl'om moon
to moon. We see that it is important
to determinc the optimum smoothing
parameter fairly accurately.

In Fig. 12 we show results similar to
--1 /o rillsthose of Fig. 10, except with o,

noise inslead of=!%. The third of the six
moons has the correct order-of-magnitude
smoothing parameter. Even at this noise
level the gross features of the moon are
discernible. In Fig. 13 results are presented
for =2% rms noise. It apwars that the

Fro. 8. Top: Mo(m._ invert_.d in chffq.r,.mial m,,dv from light curves _-ith +1% rms rioi,_.. Boltom:

Corrt'spondmg eurve._ with no noi._e.

.@



-?9-

L](;HT CI_'RVE INVERSION 81

Fw,. 9. Moon_ inverted in the dir, c.t-data.fittin,z mode from noisele._s litzht curves. Sm,,othing

pa,'a,neter intcrca,.,.s by a factor of I0 from step to step.

method ha._ begun to fail at this point (this
is pretty noisy data. however). The three

moons were all eolnlmled for the same
smoothing parameter in t his ease, but wit h

different sets of random numbers used to

generate the noise in the light curves. The
smooth ing ]Jarameter was simply est treated
on the basis of the pr.evious cah.ulations.

"3

/
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l"J,;, liP. ]Ak,' ]"v.'. 9. hut _Jtll ±_ noi._(' ._l)lu.rmll)(,_,.d on I1,. )i_.,ht (.urv(.>.

A(hlilional eo/nlmlali(m with (lifferent

sm,)()lhing ])aramel(,rs wouhl probably
have Jlnprovi.d th(. il('('|ll'll('V somewhat.

In Fig. ]4 we show ri.._uhs with no ran-
(lore noise, but E.I.,% "/'andom-._v._lematie'"
error, as dis(.u._sed l)revi(msl> .. By com-
paring with tl)e series in Fig..9 it can be
seen l})at this amount of s3"sl(.1))atic error
does not unduly ]mml)(.r t},(. inversion
pro(.(,s._.

_evera] other VOml)Ulations _v(.)e (]one
with ('ombinations of )a,},h),n n,,i_e and

syslematie error. Hox_vv(.r. in tl,.st, cases

s vslematic surveys over lh(.._)),,c)thin(/

l)aram,der e()uld nol be con(fueled so it is

more difficult 1o inlerl)rel the results. It
a])])ears, hm_(.ver, thai rea]i._ti(, amount.,.
of noise and (.)')'or ean be to]eraled wit bout

ealasl)()i)hie d(.gradation of the inversion
I)roee_. _'iL, ure 15. for examl)]e, show.,< a
mo()n resulting from inverting light ('urves

%having =_ rms random noi_ and )o,
s vslematic error.

THE (]ALILEAN ,_ATELLITES

In al)l)lyin_z the method to the existing
actual (];|la for the Galilean ._atellites it

will be neeessa O" to make provision for a



--L51-
LIGHT CURVE INVERSION 83

t-,.. '' Like' Fi_'. tO. _......... ' ........ "......... ,,. ,,,t J, -,J,,,,,t m_J_, I,.r.Jneivr eo_ eriJ_g only a portion ofl}m range bet_een

llw ,,**(',,rid alJd third m,, ,n_ iu Fig. l(I. Smoothmg parameter change._ by l0 °'l bet_veen steps.

I:IG. 1-'2. Like Fig. 10. I,ut with tx_i(.,, a, much h,,i,_o. --1% rm,< SUl,q.vitr)po.._.-d on tlw lu.'ht ('urw',.
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Fro. 13. Like Fig. 10. but with fi_ur times as much noise. __2°{, rms. superimp,,-ed on the. li_'2ht
ct|rx'_.

numl,er of effects not considered ill this

st tldv : rot at ion of the satellites, presence

of a shadow terminator in the field of view,

illumination by Jupiter, eclipses as well as

occultations, and possibly the effects of

limb darkening. None of these, except

possibly the last if it is severe and variable,

should pose insurmountable practical
difficulties.

_]ention should also be made of the

effects of um'ertainlies in the orbital

elements and radii. As with limb darken-

ing, the problem_ largely disalq,ear if the

target satellite does not rotate, provided

the grid structure adopted is suflicienth"

flexible to allow the _atellite to "'shiny up"

in a slightly different location or of a

slightly different size than exl_ecled (these

effects and limb-darke,fing effects may be

intermixed). I'ncert uint ies in t lie occuiting

satellite's radius are equivalent to changing

the radius of the larg#l satellite and

changing the overall brightness of both
satellites by a constant factor. I're-

liminarv anah'sis of these events, and of

recent stellar occultations, has produced

and is producing mueh-imtn.oved values

for these elements. ])etermining the best

approach to take to these probh.ms in

analyzing the actt,al data is part of the

actual analysis and. as such. is not within

the scope ot" this paper.

CON('LUSION

The computational apparatus has lH.en

set tip to invert mutual o(.m,llalion li,_'ht

curves to produce _atellite all,(.do nmps.

Results of mo,leling studies usin_ our own

.Moon confirm the original exl_ectations

that the light curves can be successfulh-

inverted in the presence of realistic
amounts of noise and error.

:_k.PPENDIX I

Computations: Practical Con*_i& rations

The computations consist of three main

steps and several s',:bsidiarv ones. In the

first main step the light curves and change
factors are calculated and stored in disk

files. In the second step the change factors

and a smoothing parameter are used to

calculate the coefficients of the a]bedos in

the linear eqvations (4). In the third step
the equations are solved for the unknown

albedos. Subsidiary steps include ( 1 ) super-

imposing noise and systematic error on the

light curves and storing these in another

file, (2) i)roducing computer halftone ])lots
of the results for visual analysis, and

(3) conducting comparisons between the

known and computed albedo distribm ions.

The subject of error anah'sis is considered
in a later section.

For purposes of illustration we adopt.

the following numbers: We assume there

will be 35 light curves having an average

ofabout 100 time steps each. Of the,V >_ N

elements in the albedo array only about.

N × N × (=/4) contain some moon and

thus need to be considered. On any one

step alq)roximately I/N of the _N-','4

elements have nonzero change factors (for

ec]il_ses the fraction would be larger by a

factor of ],erhaps.5 or ]0 bet_tuse of the

"3

..¢
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FJc. 15..Moon inverted in the du'e('t-data-

fiTling mode from light curves with ±__,,, rms

lloisp and +/,_ sy'slel]lalicerror. Sin;:h.s1,_,,mh.

ing parameter was estimnt ed from previau_ runs.

produce the change factor for thi_ albedo
element for 1his time slep. For compt,ta-
tion of the light curves the additional

procedure of weighting each cont ributing
point with its aK¢oeiated subelement albedo

is followed (Fig. 1}'._Most of t he computing
time is spent testipg the sub-subelenwnts
of the relatively few albedo elements which

do change during_ given time step. The
equivalent number of muhiplication_ in-
volved in t his slep is t hen aboul 35 ,: 1(D(_>:
(rrN:/4) × (l/X) _': o × o >. S _ S > 10 (about

4.4N × 10"). This is a large number of

multiplications, but not a prohibitively
large number C<mlputations were run on
the Lunar Science ]nslitute's PDP 1145

minicomputer. It was well suited to this
job because (l)it could be dedicated to 1he

job for many hours in a' row without
ant agonizing ot hers (ut ilizat ion by ot hers
was less than 1 hr per day). (2) relatively
few time-consuming disk read write ol,era-
tions were required, and (3) the small

portion of the lwogram containing tim
inner DO-loops over the 16o0 sub-
subelements was _Titten in assembly

language, rather than Fortran. ailowine
fllll utilization of the floating point
l_l'O('essor's speed.

The second main step in the ('Oml)llla-

t ions consist s of corn put ing t he eoeffi(.ient s
of the unknown allwdos in Eq. (4). There
are two parts 1o _his s_(.p, l In' fir_l involving
the change fa(.lors from lh(" preceding
slep, the second involving the sm(,olhing
]mramcler and inlt.rrmighbor w(.i.,_,hling"
faclors. Mosl of lhe COmlmler time in this
_Ic I) is slwnt on th(. first part. The equiva-
lent number of mulliplications is al_out
35 ." I(,O _ (rr,.V:;4) :." (_.\'-',4) • (i.N) > 2

' .e ,.,_,,,',-_.._.._,.,_ ._,_'_,., _t_, J, "c" -"
,,,,¢ ' .,

/
/

/

large width of the shadow edge). A slight
assumption is made that if, during a time
step, all four corners of an albedo element

remain either entirely inside or entirely
oulside the advancing lwrimeler of the

o(-('ulting l,(,tv, then the change factor for
l]ml S(luarc f(w lhat time stelJ is zero. If
tiffs condition is not satisfied, then all of

the (5 x 5) >, (s) S) c(,,rdinal(, pairs com-
prising the (.](,nwnl are tesled against the
perimeters of both tim occulling body at
the end of the time step and lhe occulled
body. This testing requires I he equivalent
in compuler time of about 10 multipliea-
lions for each coordinate i,air, l"rom the
number of these points that conlrilmte to
the light curve at the end of'lh('lime slep
we subtract the ('orrt.Sl)onding numlwr
stored fl'om the lW(,vious timc sle l, to

%

" /
/

Fit;. 16. ]gxampl(" (replolted raw data) ofa li:_'ht curve. IJ,_t nlYl,it.al c,f thc b(,tl(,r da:a available.

obtnin,*d by lhp auth,w ,,,, Oel(,b(.r 22. 1973. fi,,m ll,,. ('a,mrv ]slands. (;anyn,,*d,. _'('hl,,-,*,, Eu,',,l,a.

Tim(. and inl,.m, ity art. lin,-ar and tl,. duralmn of th,. I rm',. is about 25ram. Tim,. (.,m,_ant is 1 ,_,-(..

a

"4'
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(about 4.7N 3 x 103). This is smaller than

the number in the first step for the appro-
priate range of N, but the number of disk
operat ions is much larger (a disk operation
on the PDP l l/45 takes about 0.1 _c). The
number of disk 6perations can be reduced
if more core storage is available: It is not

then necessary to scan through the entire
file of change factors for each of the r,N'/4
unknm_-ns. If enough core is available to

store 10 rows of coefficients, for example
(40 000 words in this ca_), the number of
disk operations can be reduced by about

the same factor. It is not necessary to
reduce the number of disk operations to
some predetermined value but it is im-

portant that the computer spend a sub-
stantial fraction of its time computing and
not just waiting for disk file reads and
writes. Enough core was available that
this phase of the computations could also
be run on the _PDP machine. Note that the

output file of coefficients is, in our ease,

(rr_Y-'/4)-" double-precision floating point
words. The array is symmetric so this

IIIIIItkP(I IO, ll 111 ]11 II*l_..l]lllS' [ItZ " ll'llll('('(l O_ _t

factor of 2, but it is still a lar,_,c numl')er.

The t bird main st (.l) is t he solut ion of t he
]in(,ar e.quations. There are three princilde

means of s(,]ving a system of linear C(lUa-
ti(ns- iteration, slraightforward elimina-

lion. and Monle ('arlo lechni(ll,es.
(;-Id.,_ein an(! Von Ncmnann (1947, 1951)

have (h.monstrate(l that if certain lm.cau -
lions are taken (nolabl3". l_osilioning for
siz[. after each slep and symmetrizing the
mat rix of coefficient s if necessary) one can
expect to lose 3 bits in the accuracy of the
solution by the elimination metimd for
each factor of 2 increase in the number of

equations (and, of course, unknowns). The

l)resent author has (h, termined that. if the
dynamic range of the ('oeflicicnls is fairl.v
modest (which shouhl be guaranteed bv

our inclusion of the snmotl,ing lerm), tim
results on nml ri(.es of size up to a! least 320
accord well wilh the re._uhs of (,ol(l_tein

and Von Neumann and are nol delmn(lcnt
on the inclusion of 1KMtionin,,., for size.
Since 400(I (the largest svslem ofequalions
(.(msider(.d in this sit,dr and ,,b(n,l the

largest size l)racti(.able) is 2': we s(,c that
about 3 × 12 = 36 bits of 1Jre('ision will be

INVERSIO.N b7

lost in the solution process. Consequently,
on a 32-bit floating point word machine
double precision will be required. The
CDC 6400. also considered for some of t he

computations, has a 60-bit word (a 4S-bit
characteristic) so that s!ng]e precision may
suffice. For these reasons, and since the

coefficient array is not diagonal dominant.
it was decided to solve the linear equations
by the elimination method. The equivalent
number of float ing point arit hmet ic opera-
lions is about (=..Y-'/4) 3 × __ (about
0.39 x .y6). The number ofdisk Ol_,rations.
as in the preceding step. is large but can
be kept to an acceptable level by multiple
row core-storage techniques. Clearly. ex-
cept on the very f, stest machines (like the
CDC 7ti00 or the Illiac), solution of a

system as large as N = 70 is going to take
some hours. Hmvever. for X= 18 the

requirements are much more modest.
As mentioned previously, an 18 by 18

grid was employed in this study. Decreas-
ing the grid size by a factor of f only
decreases the amount of work in slep I by

...... ff ......ilUOUt _I. li::ll-'tt)J O UUL'ktIIS, e, i'lltliOU_ll |llere

are fewer a]bedo elements, a grealer
fraction of them are actively involved in

the occultation duri'ng any one time step
(bc('ause thev are bigger). The effective
numl)er of mullil)lications in step 2
(lecreases by f3. In slep 3, however, the
improvement is by a full factor off% The
number of disk operations is less sensitive
to/.

The effect of increasing the amounl of
"observed data" to bcam, lvzed (ell her by

decreasing the lime slc]_ size or increasing
the number of light m,rvcs) i_ as follows.
The effective number of muhil,lications in
steps l and 2 increase.- linearly with the
amount of "'data." whereas the corre-

sponding number for step 3 does not
change. Thus. since step 3 is expected to
be t},e most lime ('( nsuming the penahy
for increasing the data base is rather mild.

For our present modeling l)urposes we
wish to employ different sets of "observed

data" (corresponding to different kinds or
amounts of noise and,or syslernatic error
Sul_erimposed on the same "exact" data).

In this instance only step 3 must be rerun.
[In fact, if one chose to obtain the inver_
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of (he matrix of c(,efflcienis rather than

simply to diagonalize it (a several-fold
more time-con_uming task), one could
handle additional sets of "data" wit]) only

the order of (TrN-'/4)-" additional multipli-
cations.] We also wish to change the
smoothing parameter, K. In this case we
(-an either rerun steps 2 and 3 or, more

efficiently, set K equal to the cI,a_ge of the
new K over the old A" and only rerun that

portion of step 2 that involves the smooth-
ing terms and all of step 3. Thus. most of

the computing time in this study was
spent in solving large sy._tems of linear
equations.

For (.dilJs(.s we ('an exl)ect sit.its 1 and 2

to run aboul a fat')or of I0 hmger, and
step 3 to remain as is.

AITENDI._ ]I

Error A )mlysis

Error anaL'sisof a "picture" isdifficult.
En'or analysis of a "'pier ure'" in which the

be poorly defined by one or more of the

separate piles of data. A good al)p).o_(.h to
take with the Ga]ilean satellite data. since
many of the events will have been (,l,served

bv more than one station, mi,_,ht be to put
different observations of the same event

into different piles: Since the geometry of
observation is nearly identic-a], the "resolu-
tion'" in the vicinity of the feature will be

more nearly the s_me for maps i)rodu(.ed
from the individual piles. ]t may also I,e

wise to intereonTare different observal ions
of the same event carefulh to as('ertain t he
nature and extent of noise and error.

.Mlot her api)roach is to vary the smoot h-
ins parameter. K. As it is increa._.(l.

features will begin to disapix*ar, first those
poorly defined by the data and last. those

the data most insisienth- require.
Suppose we are inlerested in determinin_,2

the extent to which a single albedo element
can vary and remain "'consistent" with the
data. "_"e can obtain an estimate of this as

fdh)ws. For convenience let us designate
resolution varies erralieally from ])t)inl to I)v _.ta,..i the coefficient of albedo value 1), j
l_t_)n_ ;_: _*vn,a ,u,,,.,. ,|;(I; .... tl q_l ........... : .... :_ ,I._ 1'..... "
, ................................... ,t,,-.-, )u, ,. ,l,t- ,.. Ith equation (4). t)y hl,.I lhe

thal will ari,_e is: ]s a eiven fi'alure "'real. _ constant vector, and by 14., the solution
]f a giv(.tl feat un. a])],'ar,_ o11 our res!l]l;4nt

al])edo in)ill, is it likely lhal there is a

('orresl)o)ntin,._, feature ()11 the sale]lile< Or
does the ran,,..,(. ()f "'sat isf;,el())-'c ills" to the

dala in&,d(, a ni,ml,i.r (if malls in which
the fealule is al,s(.nt' ()r. if lh(" d,ta do

indeed re(iv)re the f('ill tlt'(' I0 ])(' })!'(,_ent. is
this ]ikeh It) I)e lh(, n.sull i)f n()i,(, and or

s vstenlat it' er3"()3" ill | lit. (Ill| ii ! Thl. "]i.ai ill'(""

in ilue._tion )nay l,i. at single ;,lilt.d,)i.h.)ncnl
or. 311orc oflcn, a 3]ilnl])e3" ofsll('}l (']('llle3l|s.

One of the ])t)rl)()si,s of this ._iv(lv is
to exl)erimcnt vcilh differenl kin(Is and

alnol3nts of noise lilt(] .',ysl('mal it' error to

(letermine the exlent to whi('lt Sl)urious
"features" can al)l)(.ar. Hmvever. at this

l)oint a few words on the sul)jeet may be
al)propriate. One simple lest that ('an be
made with actl,al data. if enough are
available, is to divide the data into two

or more "piles" and process each pile
selmrately. If the fi,ature al)l,ears in each
of the resulting malts then it is likeh" to
be real. ]f it Ih)es not. it (]()(.s nol n(.ees-

sarih follow thai it is nol ri.al, fi,)' tile

region (.onl aining t h(. ]'(.at ilr(. Inav simply

vector:

.c "_ a_,:Jl)_.j=b_.3: k= 1.3";1= l.N.
i=1 j=l

(5)

N(m. w(. insist thai the all)(.(lo (,f a given
('It.merit. the )n. )ill) element, l)e 3)ot ])_.,,

I,ul rall,er 1).;.. - A. If all the other 1),'.i
art. to )'i.matin the Slllne. Ill(' ('onslal3l

vt'('l()r n'lllSt be rel)l_teed by a vector with
eli, lilt.hi s

k.t A. /.. = l,X;l = 1.N. ((1)I't,. t ":" am,n

_ll'(' musl (ietei'mi)ie the maximuna (or
nliiliillur.l) vahle of A for which the

probability lilat tile veolors (fi) and hA, I
are two l'alldom _aml)les of the salne

quantity (where the probability distribu-
tion of the elements is known: a Gauss)an

distribution, for example, with sl)eeified
variance) is greater than some specified
value (e ,,e,.. e-'). This is a time-consuming
thor(, fl)r r,N:4 elements, and when that
was dime it would then be ne('es_arv to

consider all possible ])airs. triplets, el('., of

.@
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elements varsing in uni._on for a complete
error analysis. A rigorous error analysis,
therefore, will be prohibitively difficult.
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Abstracl

The geometry of the sodium cloud associated _'ith Io (Jupi-
ter l) indicates that the lifetime of the neutral sodium •toms is
an order of magnitude less than the photoionization lifetime,

t3jues1 that ionization by thermal plasma electrons in the
Jovian magnetosphere is the dominant Na loss process. Using

pLasm• densities deduced from Pioneer IO measurements, the
lifetime and den_ty distributions •re calculated for Na and

other species which may be present in the cloud around Io.
Electron ionization of Na is found 1o be •n order of matmitude

faster than photoionization, in agreement with the lifetime de-
dueed from Na cloud observations.

JntroducUon

Intense sodium D-line emission features have been observed

in the vicinity of Io (J-I), the innermost Galilean sateUite of
Jupiter (Brown. 1973; Brown and Ch•flec, 1974). Resonance
scattering of the incident solar flux was tug.tested by Matson el

al. (1974) •nd Trafton el ol. (1974) •s the excitation mecha-
nism for these lines. This suggestion was verified by the synop-
tic observations of lkrgstralh et al. (1975) which showed that
the orbital variation of the emission it as predicted by resonance

to•tiering. The source of the sodium atoms is thought lobe the
surface of Io, the •toms being sputtered off the surface by inci-
dent magnetospheric particles (M•tson el al., 1974). Sodium-
rich surface compositions such as evaporite salts (F•nale el al..

19"/4, 1975) •re favored but not required by current models.
While Io appears to bc the initial source of the atoms, they pov
tess sufficient kinetic energy 1o escape" the utellile, yet have
insufficient velocity (for the majority of atoms) to escape from
the Jovian system. The distribution of atoms therefore tends
to form a toroid around Jupiter, in the manner suf,t_esled by
McDonough and Brice (1973) for hydrogen escaping from Titan.

The spatial extent of the sodium cloud was discovered b)
Trafton el el (1974). and has been in_estigated by Meckler

and Eviatar (1974), Macy and Trafton (1975), Wehinger cl ol.

¢1975), •nd MiJnch and Berg•trash (1975). Mac), •nd Tr•fton
found that the cloud extends one-fifth of the circumferenor or

greater along the orbit of Io, but does not form a complete
toms •t their detection limit. Photographic spectra (Mecklcr
and Eviatar, 1974; Wehinger el el., 1975) show that very faint
(mission does occur completely around lo't orbit, concentrated

tow•rd the orbit•l plane, but the brightness distribution is not
yet accurately determined.

Bated on their observations, Mac)" and Trafton estimated that
Ihe lifetime of these sodium atoms b approximately one !o
orbital period (-_1.$xl05 tec) which is an order of magnitude
thorler than the lifetime ar.ainst photoionizalion. Evidcntly
tome •dditions] lots process must be occurring. Mac)' and Teal.
ton noted the ix'risibility of charge exchanlre with protons i_
the Jovian magnetospJ_ele _hich is the !o_ proczts thought to
occur for the hydrogen toms (Carbon and Judge, I974), but

Copyright 197S by the A_erlc•n Geophys$c•] Union

they point out that the _ section for charge exchange,
H't+Na--*EI-tN• "t, •ppean leo sanaB (at energies of the thermal
pLasma) 1o •ccount for the short lifetime. Similarly, the cross
section for proton impact ionization. H'%Na----H++Na++t -
(Pe•ch, 1966a). is also too _nal] •t thermal pl_rr_ energies to
account for the Na loss rate. At higher energies the particle
fiuxes _ thought to be too small for • s_gnificant loot rate.

In this work we sug_ee_ that the dominant loss mechanism
fog the Na atoms is electron impact ionization by thermal

plasma electrons. The plasma densities and temperatures are
discussed below and the ionization rate calculated fog sodium,

hydrogen, and other atoms of interest which •re likely compo-
nents of the surface of Io ('Fanak et al, 1974, 1975). Den•it3'
distributions resulting from the postudated loss',process are also
presented for certain cases.Eviatar et al. (19"/$) have independ-

ently noted the ionization of Na by electron impact and have
examined the consequences of the resulting Na ÷ ions.

Jovian Plasma Densities

The thermal plasma in the magnetosphere of Jupiter was
investigJted by the Pioneer 10 Plasma Analyzer Experiment
which observed plasma electrons in the outer magnetosphere
(lntriligatog and Wolfe, 1974) and protons in the inner regions

(Frank el el., 1975). The temperatures observed in the two sets
of measurements were not the same (---4 ev for the electrons
•nd _!00 ev for the protons) and probably indicate different
conditions in the two regions. However, without direct obterv•-
tions of the plasma electrons in the inner region, specification
of the electron temperature is uncertain and one must consider
two cases.

in Case A, the electron temperature b a_umed to be 4 ev
corresponding to that observed by lntriligator and Wolfe ( ! 9";4 ).
The electron density in the vicinity of !o can be celia•ted by
assuming charge neutraUty and that the proton den_ty is that
requffed to explain the H •tom loss rate (_10 "5 tec :! corre-
sponding to _200 eleclron-ion pairs/ca 3) obtained from the
Pioneer I0 obter_'ations of the hydrogen toms (Carlson and
Judge, 1974. 1975). The second model (Case B) is based on lhe
analysis by Frank el al. (1975) of the proton component and
assumes thai the electron and ion temperatures (and densities)
• re equal. They found that densities in the 108 ev--.4.8 k_" re-
gion at the orbital position of Io were -.-]5-20 protons!crn 3

with temperatures of --I00 ev. Assuming a Maxwellian distri-
bution which appears justified by theft measurements, the con-

tribution for energies <!08 ev_¢.an be calculated, resulting in
densities of "-30 electron-ion pairs]ca 3. The charge exchange
lifetime of atomic hydrogen at t]_ese densities and velocities are

also in good alueement with th_ inferred from the Pioneer I0
ultraviolet measurements. The parameters of there plasma
models are summarized inTahk I.

Electron Ionization Rates

The ionization rate coefficknU =, is defined by
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Table I

Parameters of Assumed Plasma Models

C---A CaseB

Temperature (ev) 4 100

C"K) 4.6x 104 1.2x 106

Most Probable Elearon 1.2x I 08 $.9x I 0 8
Velocity (cm _ec-I)

Plasma Densiry (cm -3) _ 30 b

Electron Flux 2-4xl010 1.8x 1010
(cm'2 sec-I)

IAssumed constant
bVaries with di_ance from Jupiter

a = Jvo(v)e(v)d3v
$¢,(,) d3v ( I )

...... _ - .a. Liar...01.LLaUll lrclul._Iy 0 0l¥) 13 the ionization CTO_$ _,._-

lion, 4,_v) the .Maxwellian veloc/ty distribution function, and
dJr = v-:cir. The rate coeffic/ent wa_ obtained for temperatures
of 4 and 100 ev for NI, H, Si, Mg. K. and Ca and presented in
Table 2. For Na and H, the rate coefllcient has been calculated

Table 2

by Lot_ (1967), while the remaining were calculated here usin.
Eq. ! and appropriate cross section data listed in Table 2. Th_
electron ionization rate "e for an electron density ne is

% = 'me (2)

and is _ven in Table 2 along with computed photoionizatioa

rates. In Case B, the electron densi|y varies with distance from
Jupiter; the value _ven is for the orbital position or 1o.

It can be seen from Table 2 teat the major loss procts_ for
Na is electron ionization, being an order of magnitude faster
!han photoionization, and that in both Cases A and B the re-
suiting lifetime is in good agn-ement with the lifetime estimate
of Macy and Trafton (1974). For all of the atoms considen_d
here, the e" ionization proctss is much faster than photoioniza_
lion. Electron ionization of atomic hydrogen is only about 10_
of the H+H + charge exchang_ rate or less. and thus is not the
dominant proc_u for hydrogen loss.

Density Dism'butions

With a me, de1 for the atomic loss processes, it is possible to
calcuJate the r_sulting density distributions, subject to certxin
assumptions regarding the initial source conditions of the
atoms. In these initial calculations we have computed relaUve
column densities for columns normal to the orbital plane.
These densities, if further integrated along a line of sight in the
o.rbi!_l p!_-ne, would _ approp_.agc (in, L_ optically ;hin case)
for intei_ated surface brightness measurements using a long s_t
oriented normal to the plane of the orbit (i.e. no I_solution
along the slit). The Doppler shift in the Fraunhofer line and
multiple scaltering effects would also have to be included in
any more detailed studies and comparisons with observations.

Electron and Photo-ioniz_tion Rates in the Jovian Environment

Neutral Species

H Na Mg Si K Ca

Ca._A

CtseB

Ionization Potential (ev)

Photoionization Rate t,ph (10 .6 see'l) a

Rate Coefficient a (10.6 cm 3 scC"I)

Electron Ionization Rate t,e (10.6 sec "1)

I.ifetimer = (Vph+ee) "1 (10 $ Mc)

Rate Coefficient = (10 "11cm 3 ¢,,c"I)

Electron Ionization Rate i,¢ (10.6 lec "I)

Lifetime • = (eph +l'e)'! (105 sec)

Rafe_nces

! 3.6 $. 14 7.65 8. i 5 4.34

0.0033 0.68 0.016 0.70 1.00

0.043 4.3 0.97 2.3 $.80

0.086 8.6 1.9 4.9 12.

b !. I 5.2 ! .9 0.77

3.1 I 7.0 ! i .0 39. 32.0

0.93 5. I 3.3 12. 9.6

b ! .7 3.0 0.79 0.94

c c d _e f

6.11

!.5

3.3

6.6

1.2

21.

6.3

I.3

g

-p

I Ca]cubted using cross sections compiled by Hudson and gklTcr (197 ! )

b The hydrogrn lifetime is detcn-n_ned la_ely by charge exchas_ge with protons, • -- 2xi05 sec (carLson and ]udge, 1974)
c Lotz (1967)

d The rctan_ _ou t_ctions of Kaneko (1961) wc_ normalized to Peach's (1966) theoretical values
• Peach (1968) -- d_'oretical cross w_do_
f Tripath_ et al. (1969) - thcorrdcal cross _ction

g McFarl_Lml (1967) - Experiment_Jly determined cross _cl$ons
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SODIUM CASE A SODIUM CASE B

FJf- I. Calculaled _lative column densities for sodium atoms which hart escaped from Io with ! kmlsec excem velocity. The
two different cases cor_spond to different plasma densil.ies, lemperartzre$, and the resulting loss rates (see Text). Within approxi-
m_ately |P, Jo,-itn radius (420 !o radi) the column density is found lobe cylindrically t')'mmetric and varies inversely with di._Jmce

_rom lo. At large distances from lo • loroidal I_eometry h found _ith difrerences in the leading and trailing portions which may
_roduce the orbila| phase intensi_ asymmetry observed by Berl_traIh elal. (1975).

p

It it assumed thal atoms are produced uniformly over the
rface of 1o by $pullerini: and ejected normal to the suJrfac_.
e a_umplion of uniform sputtering" h probably incorrect
! a more re.IlL, tic model is not presently available. Variation

tome level is indicated both by color differences across lo's

MAGNESIUM CASE A

surface (Johnson, 1971) which may be due to varying chemical
¢om_tion, and by variations in lhe charged parlic.le impact
r_te due to • plasma sheath ($hawhan el al. 1975). An initial

wloc'ity of 3.5 kin/tee was chosen, based on the sputtering
measurements of Politick and Kistemaker (! 969), which corre-

MAGNESIUM CASE B

I 2 21

_f. 2 Calculated rehlive column densiliet for maf.nesium for ioni_lio_ ralet fJven by the Iwo differ_n! plasma modelt. Thb
ev,. st i_ Fir. l, it from the norlh pole and the rolilion of Io is countrlclo<l_wiu.'. _ velocity and flux of e_capinl! alomt Ire
cnlical to Felt. I. Kolf the greater densities and molx fully developed topos than those for todium, • contequence of the t-rr_dk'_"

elcclron imiz_Uo_ rate. TI_ aC'lual dentil)' values will depend upon the Im'l'ac_ composltioM| |bundxnces.
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sponds to a velocity of ! kmlsec (relative to Io) after escape.

Higher velocities for somg of the atoms have been reported

(Trafton, 1975) but the bulk of the distribution appeal1 to
occur at low velocities. The trajectori_ of the atoms, moving
under the influence of the gravitational fields of Jupiter and 10,
wgre computed numerically and during succes_ve time inc_
merits the flux was reduced by • value correspondi_l to the
model loss rate.

The resuhs for Ha and Mr, which are predicted to have quite
aifferent lifetimes, are shown in Figures I and 2. It can be seen
that the effect of the Ufetime is quite s/_mificant in that the

predicted magnesium torus is larger and much more fully devel-
oped than the Ha tonas. The prof'de of the sodium toms appears
to be in qualitative ag0neement with the observations, but a de-
tailed comparison is not possible. Future observational work on

the distribution of emissions in the cloud can be reed to verify
and rel'me the atomic lifetime values. A suggested observation,
which is _ensitive to the lifetime, is the ratio of the intensity
seen view/rig Io at greatestelongation to that obtained from the

oppos/te ride of the orbit. The geometry of this suggtsted ob-
servation n'ducts the effect of Doppler shift in the Fraunhofer
Erie. In the present numerical experiments, the integrated col-
umn density ratio was found to be r_latively insen_ti_ to the
injection velocity (incre.asing the velocity alter escape by s fac-
tor of two changed the ratio by 10-15%) whereas the variation
of the ratio with lifetime was found to he more sign_cant and
could be described by (0.4Sz0.O$)e'(I-4x0-1)T/T where T is
o_ _ :*. _.,.:'A.I AJ" t .--_ - L • r

........ d_lJ po_l•.,,_ v,'JG,_LIi_,,v_ v, ,v m,u • ul© uicttmc ai the 13 lion

of io. it was agcumed that s_ngJe scattcring was appropriate and
that the observations are performed with a long slit norrnal to
the orbital plane and "-3 arc see in width. If photoionization
_ere the only loss process for Na, the intensity rabo would be
--40_, and would have been readily obscr,_d in the mea._ur_
ments of Meck]er and Ev/atar (1974) and Macy and Trafton
(1975).

The density prof'des computed hen= assume electron ioniza-

tion loss rates which are constant in time. Since the plasma
densities may exhibit • dependence on the orientation of the

magnetic reld and other panunetera, the loss rates and resulting
densities could show some time variability. Continued optical
observations could prove a useful monitor of the Joy/an plasma.
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The Problem of Hydrogen at Io.

R. W. Carlson, D. L. Judge

Abstract presented at the Division for Planetary Sciences (AAS) Meeting,

Austin, Texas, April 1976

Ultraviolet emissions associated with Io observed by Pioneer I0

have been suggested to be the atomic hydrogen Lyman-alpha line excited

by resonance scattering. A fundamental question is related to the source

of the atoms - is Io the initial source or does the satellite merely

act as a catalyst to recombine magnetospheric protons and electrons.

With regard to this question, the identification and characteristics of

the emission cloud will be discussed and the observations compared to

numerical calculations of the cloud geometry.

The plasma source is perhaps plausible since an adequate supply

of protons and electrons can be found in photoelectron-ion escape from

Jupiter, however the sweeping rate of the satellite may not be great

enough to supply the cloud. In addition, protons driven into the surface

could recombine and associate to form molecular hydrogen as suggested

for the moon. Finally, if the plasma sheath interaction is correct, the

resulting cloud geometry would appear different than that observed.

A more likely source of hydrogen is Io itself, since sublimation

rates can provide adequate hydrogen compounds and H atoms can be produced

bY electron impact dissociation and ionospheric dissociative recombination,

as suggested by Johnson et al. Furthermore, the observed cloud_eometry

is more compatible with such a source process.
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PIONEER 10 ULTRAVIOLET

PHOTOMETER OBSERVATIONS OF JUPITER:

THE HELIUM TO HYDROGEN RATIO

R. W. CARLSON

and

D. L. JUDGE

University of Southern California

Pioneer lO uhta,;olet photometer obJen'ation of 3.1 Raylelfhj (R) o/ Hel J84

emissions _tom the disc o/ Jstpittr replies the presence of Jovian atmospheric helium.

The capitation process is resonanre jratteting of incident *olaf helium radiation. Quar.-

titatire estimates of the He-to-H t mi_ia t ratio it: the Io,.rr atmosphere o/Jupiter con

be obtained by ttsing Joriaa otmospherlc models, radiative transfer rolrulations, and the

strength of the solar llne: aa iaitid determination has been obtained bJ" Carlson and

St, dire (1974). We Ito;.e recently rarns_,ted the prattle and intensity o/the solar line anti

found, as hare other e_periment,j, that it is mort intense than ,'as oril_inally supposed.

implyial: : ton're alhedo ond less kdit, m. The I'orious meast, temrnts of the solar liar are

rerlea'ed alone N'ith the t._ porarnelers -- lJ_e eddy m;s_a£ rote and thermospherir tem-

perature- ts'hit']_ appear in tl_r model atmosphere. In addition, the tadiali;'e transfer col.

¢stlot;ons ore re_ned to in¢lsde the ¢nisottopir phase funetion /or Itelit, m resonance scot.

terlnt, and the orrsttor? of the rohetent-srotterierg ossumptlon 4s-verO{ed.. Usia£ the

Pioneer I0 helium emission tote and eddy d{ffusion ear, cleat, the range of helh, m.to-

&ydroten ratios by ;'olume is found in the present analysis to be 0 < [ H e ] I IHs] <-. OJI

for on atmospheric temperature of I_ODX. lithe hiKh electron temperature; ol:served b)"

the Pioneer radio oreultatioa e.tpetirnenl tefleCl equally hath neutral temperatures, then

mote helium is indlcoted but in this case the J_ymaa-o siberia and eddy diffusion cord-

cleat must be te-eraluated. For the present, ho,'¢ver. .'e consider the fooler thermo-

sphere to be most teotist_t Since ample terrestrial eridenre e,ists for electron tempera.

lutes mue_ detester than the (orrespondln g neutral temperature.

Contpurisun of the preJrnt ondttthrt hrlium.lo.h)'drogrn nlizlnx ratio mrasutrmrnts

Jut.teats that the Iwst (uPrear estinlat¢ is the julur s:h,ndotu-e, t I I(,'} I [ H.] - O.I It. in

*,hlrlt ro_e the rddy diffusion rorfft_irnt for the Jorlua atmosphere is K " .t x I0: rm" "

Jet"t.

The Jovian helium abundance and its possible variations in thc alma-

sphere, cnvelopc, and dccp intcr;or arc of considerable cosmogonic inlcrcsl.

Unforlunale|y. Ihc high ¢xcilation potential of hc|ium prec|udcs its direct
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observationusinggroundbasedinstrumentation.Onemethod to discern the

presence of helium is through spacecraft observation of the He resonance
line, which occurs at 584 J_ in the vacuum uhraviolet region. This lin_: will

appear in emission from Jupiter, being formed by resonance scattcrirrg of the
solar Hel 584 _ radiation incident on the upper atmosphere. The detection

of this line and characterization of the Jovian Hc-Hz abundance ratio was

one of the major objectives of the ultraviolet photometer experiment on Pio-

neer 10.

A description of the experiment and planetary results have been pre-

sented by Carlson and Judge (1974, 1975) and Judge and Carlson (1974).

The instrument is a two channel photometer with one channel employing an

AI thin film filler and i.IF photocalhode to isolate a spectral band containing

the helium resonance line. The second channel is for observation of the

atomic hydrogen Lyman-a resonance line (! 2 ! 6 ,_). Mechanical collimation

defines the field of view and the entrance aperlure. The axis of the collimator

is oriented 20* to the spacecraft spin axis, consequently an annular field 40 °

in diameter is swept out during each spacecraJ't spin period. Each 12-see spin

produces _ 32 samples, each with a tangential and sagittal angular width of

-- I* by lO'.

Jupiler was in'the field of view during two periods of the Pioneer 10 en-

counter, although the influence of high-energy magnetospheric particles al-

lowed useful data to be obtained only during the first viewing opportunity.

Positive identification of signals in the short wavelength channel, identified

as Hel 548 ,_ radiation, verily the existence of helium in the atmosphere of

Jupiter. The average emission rate over the disc observed at 30" phase angle

was found to be 5.1 R. Using this emission rate a quantitative estimate oftbe

atmospheric He-H2 abundance ratio can be determined by comparison with

theoretical resonance scattering models. These models require (!) knowledge

of the source of radiation being scattered by the helium atoms-that is, the

intensity and profile of the solar Hel line; (2) a model of the atmosphere

which describes the mixed and gravitationally separated regions and the at-

mospheric temperature; and (3) radiative transfer calculations which include

multiple scattering by He and absorption by H2.

A previous estimate of the number-density ratio in the mixed region of

the atmosphere [ He] / [ Hz] - 115 was obtained by Carlson and J udge (1974)

using the Pioneer 10 observations, the solar flux values available at the time,

an assumed 150°K atmosphere, and multiple scattering calculations which

a_ssumed coherent isotropic scattering and neglected polarization effects.

We have recently remcasurcd the intensity and profile of the solar He

llnc (Maloy el al. 1976) and found, along with other experimenters, that it is
more intense than originally had been supposed, implying a lower value for

the diffuse 584 ,_ rcflcctivity of Jupiter and therefore less He than previously

estimated. The improved solar flux value and the substantial reduction in
helium abundance inferred from these measurements suggest that: the ac-
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curacy of the assumptions employed in the model calculations!should be

verified. In addition, the Pioneer 10 occultation experiment indicates high

p]asma temperatures for the outer ionosphere which may imply a higher neu-

tral temperature. In this chapter we discuss measurements of the solar line

and improve the radiative transfer calculations by including the anisotropic

scattering phase function for helium and the frequency redistribution (i.e..

non-coherence) which occurs in resonance scattering. Higher temperatures

and their impact on the resulting He-H2 abundance are also discussed.

!. RESONANCE SCATTERING BY HELIUM

The resonance transition of He(I s2p tP_z-ls: *So)occurs at Xo= 584.334

(21.21 eV). For a gas kinetic temperature T, the Doppler width of the

gas is

_X.___D= Av.____o= _U (I)
Uo c

where U is the most probable speed,

U = _/--_". (2)

At frequencies v displaced _ = (v- re)fAro Doppler unitsfrom linecenter.

the atomic absorption cross section is

o(_) = Oo_(a, _) (3)

with a the ratio of the natural to Doppler width. _,(a, _:) the Voigt profile

normalized to unity at line center for ,,, = 0, and

•n'e' f (4)
mr V_Avo"

The oscillator strength for the helium transition is f= 0.2762 Wiese el at.

1966) and at IS0"K. AXo = 1.55 mJ_. a = i.05 x i0 -2. and o'o-- 3.0 x l0 -j'

cm". For moderate optical thicknesses, or if there is sufficient absorption

by another species (as in the case here with H, photoionization) then one

can. to good approximation, neglect the natural radiation damping wings of

the line and use the Doppler profile,

¢(a, £) = e -° . (5)

A small fraction of the photons absorbed produce the infrared Is2p--Is2s

line while the remainder re-emit the resonance line with probability

_ A( Is2p- Ist) (6)
_" = A(Is2p-ls2s) + A(ls2p- lst)" --

-'41'
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The transitionrates A arc given by Wiese et ol. (1966) from which _=

0.9989.

The scattered photons are not distributed isotropically; rather, s_qce J -----
0 and &J --- i, they are distributed according to the Rayleigh phase function

(Hamilton 1947) °

3
p(e) = _(i + cos-"e) (7)

where e is the angle between the incident and scattered photon. In resonance

scattering this represents the maximum possible anisotropy.

Afler scattering, the pholons do not in general possess the same frequency

incident owing to the Doppler effect in scattering (Hcnyey i 940). This effect

is simply demonstrated by the following. Consider an atom moving with

velocity v. it will absorb a photon at frequency u propagating in the same

direction if the Doppler shifted frequency is at resonance u(l --vie)= uo

(approximating the natural line shape with a delta function). Since the atom

radiates coherently in its rest frame (neglecting recoil), the observed emis-

sion frequency will depend upon the angle of emission. In forward scattering,

the frequency is unchanged whereas il "',,'ill _ opposhely situated from line

center in backward scattering. For intermediate scattering angles the fre-

quencies will be shifted closer to line center.

Hummer (1962) has evaluated the angle-integrated probability that a

photon of relative frequency _' is absorbed and re-emits at s_, R(s _' --* so). In

the case of the phase function for Rayleigh scattering and neglecting the

natural wings, the probability distribution function in frequency is

e-C" (8)

- e-liz'1_1(21_[i'+ i) /

where I_1( I£1) is the greater(lesser)of I_1and I¢'1. This distribution is illus-
trated in Fig. I. Later considerations [Eq. (28)] make use of the relations

(Hummer 1962)

R(¢'--,_)= R(_ ---.¢') (9)

and

R(¢' --. ¢)d¢' = e-" (10)

where R(_' _ _) here differs from Hummer's value by a normalization con-

slant.
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Fig. !. The probab_ily denshy funcllon for frequency redislribulion in resonance scauering

by He. It is Issumcd Ihabt Ih¢ damping wln$s of the line are important. The incident snd scal-

Iered frequencies are measured in Doppler widlhs displaced from Ihe cenler of Ihe line. TEe

dJslribulions are symmelri¢ abou! line center.

!1. THE SOLAR HELIUM LINE

The strength of an airglow feature produced by resonance scattering

depends upon the spectral intensity of the solar line over the interval of

the planetary absorption profile. The width of the planetary absorption fea-

ture is generally small compared to the width of the solar line (a few m_

compared to a solar He line width of roughly one hundred m_), and therefore

direct measurement of the solar line in the appropriate wavelenglh interval

requires very high resolution measurements. However, the required high

resolving powers are difficult to attain in rocket and satellite spectrometers,

particularly in the extreme ultraviolet where losses in the optical elements

arc considerable, so at present one must resort to a less direct determination

of the spectral inlcnsity.
Two methods are available. The first is determination of the total solar

line intensity and use of a measured or inferred line profile, while the second

method uses a known quantity of helium gas (e.g., terrestrial thermospheric

He) to absorb and re-radial¢ the solar line. Measurement of the intensity (i.e.,

of the He airglow) allows one to infer the solar speclral inlcnsily at I.hc cenlcr

of the line.
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Measurementsof the total intensity of the solar line have been performed

by several experimenters, perhaps the most widely used being those of the

Air Force Cambridge Research Laboratory (AFCRL) group (e.g.. Hinter-

egger ! 970). These data, which show an intensity variation with solar activ-

ity and the solar ] 0.7 cm radio flux, were used in our previous analysis of the

Jovian He abundance with extrapolation Io the low level of solar actlvity at

the time of Pioneer l0 encounter. Recently Hinteregger°s values have been

questioned since those fluxes may not be sufficient to produce the observed

exospheric and ionospheric propenies (Roble .and Dickinson ]973; Swartz

and l_isbet 1973). While the question is not yet resolved, the AFCRL group

has remeasured the solar spectrum (Heroux el at. 1974) and found thai cero
lain lines, including the He line, are more intense than indicated previously.

Our own measurements are in substantial agreement with both the latter and

with observations of other experimenters. A summary of these and other

584 .,_ flux measurements, including our own, is presented in Fig. 2.

The profile and width of the solar helium line has received less experi-

mental eft'on than the intensity. A curve-of-growth analysis of the solar line

transmitted through varying amounts of terrestrial helium gave only an ap-
proximate lower limit to the width:- 140 m,_ field width ai half maximum

(FWHM) when a Gaussian line profile was assumed (Carlson 1973). The

first direct measurements of the profile (Doschek et ol. 1974) were obtained

photographically at a resolution of 60 m/_ and indicated an approximate

Gaussian line shape (but with a slightly flatter central region) with a width

FWHM = ]40 -'- 15 mJ_. Photographic spectra of a small region of the quiet

solar disc by Cushman el oL (1975) show an FWHM of 80 mJ_ and ! 00 m_

for an active region.

Line shape measurements by our laboratory (Maloy et el. 1976) em-

ployed a helium filled spectrometer and the curve-of-growth technique. It

was found that the line shape could be accurately represented by a Gaussian
with FWMM = 122 --- i0 m_. A similar experiment (Delaboudini_re and

Crifo 1975) provides a lower limit of i 10 m/_ FWHM in their preliminary

analysis. Theoretical calculations by Milkey et aL (1973) predict a flatter

profile with FH'FIM =, ]50 m/_. In this chapter we have used our measured

line width, an assumed Gaussian profile, and various total intensity measure-

ments to generate the line center spectral intensities shown in Fig. 2.

The second method of inferring the central intensity of the solar line,

comparison of airglow intensities with thai predicted by known He distri-
butions and radiative transfer calculations, has been summarized by Meier

and Wcllcr (i 972) for several rocket measurements of the terrestrial airglow
and for their own satellite measurements (Meier and Welicr 1974). The

latter measurements are preferred, not only because they are free of atmo-

spheric absorption effects, but they also allow an inlercomparison with the

present measurements of Jupiter and the sun through mutual observations

of the interplanetary helium glow, as discussed in Sec. IV. .:

,41,
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The solar Hel ._g4 _, Lpcclral flux a! line cemcr as a I'unclion oflhe solar 10.7 cm ("SO0

I_,|Hz) radio flux. The values disi'd:,yed arc I_sed upon direcl measuremenli, inle_r_led inlen-

sily mr_suremenll, normalized wilh our observed line shape (MaJo¥ el al. 1976). and vadues

inferred from airizlow dala. The norm_,lized integral values are represented by Ihe circlc'_

(Hinlerep, z_er 1970; Hall and Hinlereg_cr 1970). Ihe double circle (-l'imolhy t'l a/. 197"_).

hex_,i_on (Hinlerep4ter _.1ol. 1965). hall" circle (Heroux _'1 al. 1974). cross (/_Saloy +'1 ,_1. 1976).

and Iri:,nGles (apes up) (Reeves ind Parkinson 1970; Dupree el ol. 1973; Dupree and Raves

1971 ). In addilion, Ihe shaded area is from Ihe regression analys_s oflolal in|ensily data from

Orbilin£ Solar Ol%crvalory. OSO-6. by Woodgale et +_1.(1973). The dirccl phologr_phic rr_a-

surerncnls or Cushman +,t el. (1975) are indicaled _vilh Ihe triangle (alex down) while Ihr

lerreslrial (Meier and Wellcr 1974) and Venus l_farincr I0 (Kumar and Bro+dl'oOl 1975)

values obtained from air$1ow mrasuremenls arc rcpresenled by I1_ square and diamond

respectively.

Mariner I0 data on the Cylhcran helium glow (gumar and Broadfoot

19"/5) can also be used for determination of the solar intensity, even though

the helium content ot" the Venus atmosphere is unknown, because the re-
flected intensity o1"a resonantly-scattering atmosphere that is moderately

-4'
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optically thick is almost independent of the total column abundance in the

absence of dissipative absorption (not the case for Jupiter where Hi absorp-

tion is present at all altitudes). These two inferred values are also in,;cared

in Fig. 2.

in our original analysis of the Jovian He glow (Carlson and Judge 1974),

a line center flux of0.5 x ]0 '° photons sec -I cm -_ ,_-J (at ] A.U.) was used,

which was based on Hinteregger's total flux and a provisional value for the

effective line width. It can be seen from Fig. 2 that even at the low level of

solar activity at Pioneer ]0 encounter (Fto.T ---- 72 X 10-" Wm -2 Hz -j) the

line center flux is probably greater than that which was used. It is difficult

to obtain an accurate value from the rather scattered experimental values

displayed in Fig. 2, but we suggest (biased somewhat toward our own mea-

surement, the airglow values and the recent AFCRL results) that choosing
=FA = 1.45 _ 0.4 x 10 '° photons sec-I cm -I A-_ (at I A.U.) offers a rea-

sonable representation of the Hal 584 ,_ solar flux at the time of the Pio-

neer 10 encounter.

Since the solar hydrogen ultraviolet lines exhibit self-reversal, it might

imagined !ha! the same may be true for the helium lines. Three lines of

cvldence argue against significant self-reversal, however. First are the line-

center flux values inferred from airglow measurements, if there were strong

reversal, these values would be lower than the normalized integral flux val-

ues; in fact, they are among the highest values shown in Fig. 2. Secondly,

any reversal effects from the outer chromosphere would be expected to dis-

play absorption widths that are characteristic of relatively high temperatures

and velocities and could have been seen at the resolving power employed by

Cushman et al. (]975). No such absorption is evident in their spectra. Final-

ly, the theoretical model of Milkey rt -,I. (1973) shows that the line can bc

formed with little self-reversal although other models (Zirin 19"75) do pro-

duce strong self-reversal (Milkey 1975).

Ill. JOVIAN ATMOSPHERIC MODELS

In addition to helium atoms which scatter the resonance line, the atmo-

sphere of Jupiter contains molecular hydrogen which will absorb this radia-

tion through photoionization. Other components such as methane will also

absorb, but the erect of these minor constituents is small relative to H=

absorption. It is the simultaneous absorption by H= which determines the

strength of the airglow signal, and allows a determination of the relative He-

H= composition through a measurement of the intensity of the glow.

The scattering and absorptive properties arc not constant throughout the

atmosphere, but vary with altitude due to the gravitational separation of the

molecular constituents, in contrast to atmospheres of the terrestrial planets,

where the absorbing component is generally heavier and produces an absorb-

ing lower boundary because of its smaller scale height, the atmospheres of
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the major planets become relativelymore absorbing wilh increasing altitude

since lhe scale height of the absorbing Hz is larger lhan lhat for He. In the

lower reruns, mcchanlca_ mixing by large scale lurbulent motion produces

uniform mixing and height-indcpcndent scatlcring and absorbing propcrtie¢,

Calculations of the diffusely reflected helium glow must include the ahitudc.

dcpcndcnt absorption and the transition from the rnixcd and grav;tationaJly

separated regions using a suitable model of the atrnospherc.

The transition level between lhe mixcd region, where eddy diffusion dom-

inates, and the region where molccular diffusion produces gravitational (dif-

fusive) separation is termed the turbopause. AI that leve.J, the eddy and

molecular diffusion coefficients arc equal. The failer varies inversely with

number density, so if the eddy cocffic;en! is K, in cm _ sec -I, the number dem

sity of H: at the lurbopause is

n. = blK (I I)

where b = 1.81 x 10" cm-* sec-* at 150"K (Wallacc and Huntcn 1973)and

varies as the square rool of the temperature. Referring the ahilude z to the

lurbopause and with H denoting the scale height for Hz (H = kTIrn,,,g =

26.3 km at 150"K), than trcatlng He as a minor constituent, the Hz and.He

number densities are (Wallace and Huntcn 1973)

n(H, ]z) = n_"-,*M .(] 20)

n(Hc]z) = rn=e-IIH/(] + • _l') (12b)

The vertical column densities are

N(H, lz) = n°/-/e-" (13a)

N(HeIz) = r_,_/(e -''H -- ln(l + e-"')]. (13b)

Here, • denotes the volume ratio of"Hc to H= in the mixing region far below

the lurbopause. Estimation of the mixing ratio • from airglow measurements

requires knowledge of the remaining Iwo parameters of the model, the eddy

diffusion coe_cient and temperature, which are discussed below.

Few methods are presenlly available to delerrnine the eddy diffusion co-

el_cient. One means is measuremcn! of the Lyrnan-o airglow, since Ihe abun-

dance of atomic hydrogen depends upon the rate of downward flow by eddy

diffusion to regions or higher density where recombination occurs (Hunlen

1969, Wallace and Hunten 1973). Ultraviolet photometer measurements of

this glow from Pioneer 10 gave values of K =, 3 X 10 _ = _ cm s sec -_ for lem-

pcraturcs of 150"K (Carlson and Judge 1974), and are reasonably well sup-

Ix)ned by the Copernicus Lyman-a measurements of Wallace, Jenkins and

Drake (personal communication) which imply a value of K =- ](:P'-| cm'

see-*. Rocke[ mcasurcmcnts of the Lyman-o glow from Jupiter (Rottman

¢; el. 1973) have ;ndicatcd a higher albcdo and lower eddy diffusion co-

efficient, K ,- l0 j cm t sec -J. --
-4.
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The abundance or other aeronomic species can be used to infer the mag-

nitude of the eddy coefficient. Photochemical calculations by 3trobel (! 9.73)

based on the lower values for K (----5 x 10s cm 2 see-') predicted CzH= bnd

C.FI6 abundances some two orders of magnitude less than the experimen-

tally observed values of Ridgway (1974). Subsequent calculations by Stro-

bcl (1974) employed an altitude dependent K, consistent with the Pioneer

10 and Copernicus values, with results compatible with the observational

estimates so long as Ridgway's observations probe down to the ]0 -= arm
level.

A lower limit to K is provided by a stellar occultation measurement of

density inhomogeneities in the atmosphere, which are presumably due to

atmospheric turbulence (Vevcrka e! al. 1974). = These fluctuations were

seen to persist up to at least the 3 x 10 I= cm -= density level which corre-

spondstoK > 7x 10scm Tsec -=.
Theoretical discussions of the sources of atmospheric turbulence and

their difl'usivities are presented by French and G ierasch (i 974) and Shimizu

(1974). ]nenia gravity waves are considered in both analyses, and the dif-

fusion coefficient is calculated as a function of the horizontal wavelength.

French and Gicrasch (i974) have assumed a vertical wavelength of 13 kin,

based on prominent occultation features, and find values of K up to 7 x i0 s

cm: sec -= for horizontal wavelengths of 10km. They suggest that K == 3 x

los cm'* sec-= and that the horizontal wavelength is _ 50 km. Shimizu (1974)

has performed essentially the same calculation but chooses different char-

acteristic wavelengths based on terrestrial analogy, suggesting that K == 107
, IO" cm'- sec-L French and Gierasch also considered acoustic waves and

found for the corresponding diffusivity K = 7 x 107, but they point out that

the energy carried in such waves seems prohibitive and that continuous wave

motion of this type seems improbable.
The above estimales of the eddy diffusion coefficient are summarized in

Table 1. For the present we leave K as a free parameler but note that the

• majority of the evidence favors relatively high values, K >_ I0' cm t sec -I.

The choice of the thermospheric temperature and temperature profile

is presently rather uncertain. The earliest works on this subject were theo-

retical calculations by Gross and Rasool (1964), McGovern (1968), Shimizu

(1971), McGovern and Burke (1972), Gross (1972), and Strobel and Smith

(1973). All of these models assumed solar ultraviolet heating only, but they

treated the cooling mechanisms and heat conduction processes somewhat

differently. The Pioneer 10 encounter occurred near solar minimum for
which an isothermal atmosphere at IS0"K was considered representative

(Carlson and Judge 1974) based on the computations of Shimizu (197l).

Attempts have been made to determine the temperature of the upper

atmosphere based on inversion of occultation light curves (Hubbard et ol.

'See al_opp. 269 and 273.
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TABLE I

Estimates of the Eddy Diffusion Coefficient K for

the Upper Atmosphere of Jupiter

K
Method (cm: sec-') Reference

Pioneer I0 Lyman-a 3 x I0" "--' a
Copernicus Lyman-o I&:| a, b
Sounding Rocket Lyman-a 106 c
Sleilar Occultation > 7 x IO s d
Theory: inertia Gravity Waves 107-10 = •
Theory: Inertia Gravity Waves 3-7 x 10" f
Theory: Acoustic Waves 7 x 10' f

a. Carlson and Judse (1974).

b. Wallace, Jenkins. and f.)_kt Loersonai communtcaUon).

r. Rollman el ol. (1973).

d. Veverka el ol. (1974).

e. Shlmizu (1974).

.if. French and Gierasch (1974).

1972; Vapillon et al. 1973; Veverka et ol. 1974), but the results for the same

event are not mutually consistent and it appears that only a temperature

characteristic of the upper stratosphere can be derived. The combination of

the various/]-Sco occultation data suggests that the temperature is _ 170°K

al the 0.01 mb level (p. 23). It seems quite impossible to make any inferences

aboul the thermosphere directly from stellar optical occultation data.

The only other experimental temperature datum pertains to the opposite

extreme of the atmosphere (relative Io the He and H line formation region).

The ionospheric profiles observed by the Pioneer occultation experiments

(Fjeidbo et _1. 1975) 7 found topside-ionosphere electron temperatures of
900-*-500°K. In the lower regions, substantial layering was found which

does not lend itself Io ionospheric modeling based on terrestrial analogy.

The question of concern here is. what implications does this observed elec-

Iron temperature hold for the neutral temperature in the lower Ihermosphere?

Certainly there is no compelling reason Io assume equal neutral, ion. and

electron lemperatures since ample lerrestrial evidence exists for electron

temperatures larger by a factor of two or more than the corresponding

neutral temperature. In fact, Goertz (I 973) has calculated electron, ion, and

neutral temperatures for the upper atmosphere of Jupiter and found electron

temperatures of a factor of three greater than the neutral gas temperature.

The high plasma temperatures observed by Pioneer radio occuhations

refer to a region far above the altitudes where resonance scatteril_g by H and
.all,

"See p. 240.
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He occur. The altitudes where the Pioneer plasma temperature determina-

lions were obtained were some 2000 km above the cloud lops, whereas t_e

region of airglow line formation is roughly 500-800 km above the clouds de-

pending upon the specific atmospheric model. Temperatures between these

two regions can be quite different, in calculations by Goenz, peak plasma
temperatures are attained at altitudes above 1000 km and the largest temper-

ature gradients occur in the 700-1000 km interval. Jovian ionospheric elec-

tron temperatures have also been caiculaled by Hen_' and M cElroy (1969),

who find that the onset for temperature gradients occurs in the region where

H.. densilles are --- 10' cm -s, an altitude significantly above the density levels

where line formation lakes place. At lower altitudes and higher densities,

where significant resonance scattering occurs, Henry and McEIroy's model

is isothermal with a temperature of 150*K, identical to that used in the pre-

vious analysis of the Lyman-a glow. Goenz ° model exhibits neutral temper-

atures of _ 275"K in the line formation region. If this temperature were

appropriate at the lime of Pioneer 10 encounter, then the observed Lyman-o

glow would mean K >_.3 x !0".

If one doe5 assume that the neutral thermospheric temperature is eie-

vated up to the plasma temperature observed by the Pioneer radio occulta-

lion, then one is faced with the problem of identifying the heating mechanism,

since the solar ultraviolet would seem insufficient. Panicle precipitation is a

possible mechanism, but such a process must also meet the low flux require-

ment for any Lyman-o glow produced by panicle excitation. A viscous inter-

action between the ionosphere (which lends to rotate with the magnetic field
at System ! I ! velocity) and the neutral atmosphere rotating at a different ve-

locity could be a possible heat source. Terrestrial analogies of ionospheric

winds are known and are thought to be respon_;ible for the sporadic-E layer.

While it is possible that some of the layering observed in the Jovian iono-

sphere could be a manifeslalion of this effect, we have made crude estimates

of the magnitude of the heal source and found it insufficient. Hunten (.p. 26)

has independently suggested this process as a candidate energy source. The

dissipation of wave energy associated with eddy diffusion has been sug-

gested by Prasad (I 975) and Atreya and Donahue (p. 313). The calculations

performed so far indicate thai this mechanical heating could be a significant

process, but the numerical values are still very uncertain.

A problem introduced by neutral Icrnperalures elevated to the observed

plasma temperature is in the interpretation of the low Lyman-cr albedo ob-

served by Pioneer 10 and Copernicus. At higher temperatures the albedo

will increase (for a fixed-eddy diffusion coefficient) due to increased H-atom

column densities and to variation of the Doppler width. The low albedo, if

reinterpreted for higher temperatures, implies much greater (and perhaps un-

realistic) values for K. The previous analysis may become inapplicable,how-

ever. due to other processes becoming important at high temperatures:(e.g..
increased H-atom recombination rates and diurnal variations in the H4lom
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abundance owing to the diffusion time constant becoming comparable to the

rotation period !. In the present work we have assumed two temperatures,

150"K and 450"K, but prefer the lower value as being more appropriate for

the neutral temperature in the region of line formation.

IV. RADIATIVE TRANSFER

OF THE JOVIAN HELIUM AIRGLOW LINE

We have discussed the physics of scattering by He, the incident sol.line.

and a model of the atmosphere of Jupiter. Combining these with multiple-

scattering calculations will give the predicted airglow intensity which is to

be compared to observation. The previous analysis (Carlson and Judge ! 9741

assumed coherent scattering as a reasonable approximation since numerical

calculations by Wallace (197 i I of the diffusely reflected airglow of terrestrial

atomic oxygen showed little difference between coherent scattering and scat-

tering with frequency redistribution. This assumption may be unwarranted

for the present case due to the different altitude distribution of absorbing

species andradiation imprisonment effects. To examine this possibility, we

derive the radiative transfer equation for isotropic scattering which includes

frequency redistribution, and then develop approximate solutions. A first-

order correction for the phase function of anisotropic scattering is then ap-

plied and the disc-averaged albedo is calculated for coherent and incoherent

scattering.

in the description of atmospheric densities, Eqs. (i 2) and (131, we define

.r to be proportional to the Hz density,

x = e-'t" (14)

and denote the H2 absorption cross sections at 584 _ as o_ (6.2 x l0 -I*

cm_). Then at a frequency that is _ Doppler widths from line center, the

vertical optical depth is

where

and

"r(x,_) = To{x 4- "_(_) [z -- In(! + x)] } (151

7, = noHcr,t (16a)

O" o

v;(_) --- •-- _b(a, _1. (16b)
o-d

The fraction of all photons absorbed in unit volume at z. that are re-emitted

as a resonance line photon, is

_o'(,E)n(He]z)
_(x. _) = o'(_)n(HeJz) + o_n(H.lz) --., (171
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or -1

_(z..O = ! + x + z_(_)"

Assume a plane parallel atmosphere and let S(x', _') be the emission rate per

unit Jr per cm; per Doppler width. St,) is related to the volume emission rate

Q(z) [cm-= sec -_ Doppler width -_] through zS(x) = HQ(z). The number of

photons passing through a plane at • is

f l i_s. rl - _T'. rlld_ dtz e- " $(x', _'). (19)

The number absorbed per unit z, at • is

] _ I t Mz. ('l -_lr'. t"ll2 _ dpe e, S(x', C) (20)

or

IP

! aT(x, _') I dVe't'1_'r);"'"t'"S(x', ¢_'). (21)

2 a• J, #

Of thef, e absorbed photons, the fraction _(x, _') reappear as photons at fre-

quenc), _ with probability distribution P(_' --_ _). Integrating over p.0 we find

the contribution at _ is

(22)

where E,(IT - T'I) is the first exponential integral. Integration of the above

over altitude Jr' and frequency _' gives the net contribution to the source

function at Jr due to photons previously scattered. The total source function

includes those and also the incident solar photons initially scattered at •,

So(Jr, ,_). The resulting source function is

S(jr.-(f= S,(jr, _) + d_' _(jr, C) P(_' -" _) aT(jr,az_')

"_ (23)

E,[ I_jr', C) - _x, C)I]

with
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(24)

where solar radiation is incident at cos-J/_ and _FA is the spectral flux at

line center in photons sec -j cm-: _-L While machine calculations can be

used Io solve Eq. (23) Io any required degree of accuracy, lhe added fre-

quency dimension necessilales lengthy computations and it is desirable Io

develop an approximate solulion. We first note thal in lhe coherent case.
P(_' _ ,_) = 6(_r -- _') and so

el,.

I aT Jesix. 0 = s.(x, 0 + _ _,(x, f,) _ dx' E, [ IT(jr, f,)

where,

-_jr', 01] s(xx*,0
(25a)

So(x. _.) = AXe r, FA _(x, _) Odjr. £) e=.." c_,_
Ox (25b)

can be accurately described by the following approximation due to Biberrnan

[see Van Blerkom and Hummer (1969)]. Since s(_r, _) d7 = S(jr, _) d.x where

s(r. _r) is the number of emissions per unit optical depth at _ (i.e., photons

sec-m cm -s per oplical depth per Doppler width), then if jr(7. _) varies over

7 much more slowly than the first exponential integral, it can be taken out-

side the integral [i.e., s(T. _) =. s(Te, ¢)] resulting in

5o(jr. _) (26)
S(x, _) = _(jr. _) + L(x, 0

where

e(x. ¢) = ! - ;".,(Jr,(9 (27a)

I
L(jr, _) = RF_(x, .t) E;[T(x. _)] (27b)

and E, is Ihe second exponential integral.

The same reasoning can be applied to the incoherent case and simplified
further by assuming thai the frequency dependence of the source function is

proportional to the absorption cross section. From Eqs. (9), (10), and (23)
we then find

5o(X. _) (28)
5(jr. _)= <E(jr, O> + <L(jr. O> -

in which -"
.-o
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and

f<e(x, O> = P(_ _ _') [ I - _(x, _')] dE' (290)

If =<L(z, ()> = _- P(_ _ (') _(x, _') E.[-r(x, _')] d_". (29b)

These funcllons physically represent the loss rate of photons of frequency

(. scattered Io ('. The first lerm represents subsequent local reabsorption

and. dissipative loss while the second gives the rate of loss by escape from

lhe medium without scattering.

The correction for Rayleigh scattering can bc made by noting that re-

pealed scatlering of a pholon produces near-isolropy, i.e., the photon loses

memory of the -_-.._I - • .,,,,,,a, dircct_on, h, r...., --..., ..r,_,.. an;,sotropy ;n ,h,- ,_aa,rc_,.|aq-st eel1,,a._, la, s.._ ............

function is due to the inilial scattering of the solar photon, i.e., $,(x. _') (Chan-

dra._ekhar 1960). If observed at an angle O to the incident radiation, the first

scaltering contributes p(O)So to the emerging radiation. Higher order scat-

tering, which can be assumed isotropic, contributes 5(z, _:) -- S,(x, ,_). There-

fore the emerging flux at/a == cos e is approximately

4_1_)= f dE f d.r_e-""""{S(._. () + [p(O)- i] So(x, 0}- (30)

This method of approximation was checked by comparing it and Chandr'a-

sekhar's exact H function solutions for the Rayleigh case and conservative,

coherenl scallering. The agreement belween the two was found to be excel-

lent, with errors of only a few percent.

The disc averaged emission rate is given by

I

t,

2 / /_ d/z 4r, l(/z./zo). (31)<4rrl>

II

We have used/z -- _ (but O = 30 °} and a single term Gaussian quadralure

to evaluate the average brighlness, i.e.,

<4Tr,>- 4_/(p. =/_=-_). (32)

These seem just.ifiable assumptions since the variation of 4171 with F was

found to be quite slow.

With the above formulae one can evaluate the importance of frequency

redistribution in formation of the Jovian He airglow line ancLthe adequacy



-109-

I0 " , i '

B A

. D C

K=IO 7

B

I t

A

3

2

O ! I -

O O. 10 0.20 O.30

Fi|. 3. The avcral_t emission rate from Jupiter as • function of she |He]I|Hs] ratio for •
150*K almosphere computed with vaLriousassumptions. Curve,4 is an exact iterativ¢ solution

Io Eq. (25) assumin s coherent sCatlcrinl; and Ihe VoJgt profile. Curve B is Ih¢ Bibcrman ap
proximation |Eq. (26), (27)] with the above issumplions. Curve C includes frequency redi_-
Irihulion with Ihe Doppler prol_l¢ J Eq. (_)] while Curve D uses Ih¢ same formulation Is C
bul for cohercn! t,CallerJnj|. Ii is concluded Ihal lh¢ influence of frequency redistribution is
ncglil;;blc for imcrprclation of lhe prc$cn!obscrvalions, and the solutions correspondinR Io

Curve ,4 provide suff_:;cnt accuracy. -_
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of the coherent approximation. We have calculated solutions for an isother-

mal 150"K atmosphere with K = 10: and I(Y' cm T sec -) and the following

cases: A -- an exact numerical solution Coy iteration) of Eq. (25) for coherent

scattering using the Voigl profile; B-the Biberman approximation [Eqs.

(26) and (27)] for coherent scattering with the Voigt profile; C- the approxi-

mate solution [Eqs. (28) and (29)] to non-coherent scattering using the Dop-

pler profile and the redistribution function given by Eq. (8); D-the same as

the preceding case except substituting P(_' --, _) = 8(_ -- _r') in the numerical

code, i.e. coherent scattering. Results for these cases are shown in Fig. 3.

The scant difference between solutions A and B shown in the figure demon-

strates that Biberman's approximation is excellent, while the dissimilarities

of B and D indicate the minor ('but not insignificant) importance of including
the Lorentzian wings of the line. Note the small difference between the solu-

tions for cases C and D, indicating that the coherent approximation over-

estimates the albedo byonly - 3"_. Even though we have neglected the wings

in this comparison, the conclusion that the coherent approximation is quite

adcquaic still holds since scattering in the wings is itself very nearly coherent

(Carlson and Judge 1971). For comparison with the observations then, we

have assumed coherent scattering with the Voigt absorption profile, and

solved Eq. (25) by iteration.The results are presented in the following section.

V. RESULTS AND DISCUSSION

The disc-averaged 584 ,_ apparent emission rate was calculated for vari-

ous values of K and two different temperatures, IS0°K and 450"K. For a

given He-H2 abundance and K the albedo is generally less at higher tempera-

lures since the increased scale height places more H2 in and above the region

of He resonance scattering. The albedos are placed on an absolute scale, e_-

pressed in Rayleighs (R), using the central flux (at 1 A.U.) of_rF_ = 1.45 x

]0 )° photons sec -) cm -t ,_-I as previously discussed. These results are

shown in Fig. 4 along with the observed datum of 5.1 R. The combination

of the absolute calibration errors, measurement uncertainties, and uncertain-

ties in the solar flux, combine to give an estimated error limit of-50_.

A literal interpretation of the Pioneer values (<47r1> --- 5. i R, K -- 3 x

i {Y', assuming 150°K) implies a low helium-to-hydrogen ratio, on the order of

one percent, which might indicate depletion of helium in the Jovian atmo-

sphere (Stevenson and Salpeter p. 97). But the case for such depletion is
weak since the range of uncerlainties in both the albedo and K admit 0 <

[ He] I [ Hz] i; 28'_. This range of values is consistent with other determina-

lions of the [He]/[H2] ratio obtained by a variety of methods: the _-Sco
stellar occultation, and infrared measurements from aircraft and Pioneer.

Values obtained by those methods are summarized in Fig. $ along with the

solar value (Hunten and MLinch 1973)of [Hell[H:] = 0.1 I, although even
..4
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r " [He]/[H2]

FiB. 4. The CXl_rlmcntal and Iheorelical ilVerd[:e Hcl 584 _ emission r'ales from Jup]ler. T'hc

model ¢alculalions 'u.erc f_rformed for coherent scal;erin£ and Ihe Voi81 profile b) ex.aCl
iterativ¢ solution of Eq (25). and normalized usin£ wFj, - 1.45 x 10'" pho;ons see" ¢m"_
J]_-' III I A.U.I. The Pioneer 10 dalum 15. I Rlis shown and Ihe combined rdnBe oruncerlain-

lies i'- indicated. Usinl; Ihe ¢dd) diffu.,ion ¢oct_cient determlned from Ihc Pioneer-10 Ly-
man.o albedo IK .- 3 x I0" • ' cm-"sec-°l, indicaled by the shaded area. the IHe]IIH:] vol-
ume abundance ratio is found Io be less than 211q bul Ilrea|er Ihan zero.

Ihe solar value is quile uncertain (Hirschberg 1973). Consideration of lhese

available measuremenls suggesls thai presently Ihe mosl reasonable number

Io adopt corresponds !o the solar value. If one does indeed assume solar

composilion. Ihe inferred value of K is quite reasonable: K =- 3 x 10 _ cm:

sec -I. and con._islent wilh both lhe Pioneer and Copernicus values. The rela-

lively low K =- 10 _ cm-" see-' from sounding rocket Lyman-a observations

seems dil_cull IO reconcile with ;he various eslimales of the He abundance

and the Pioneer helium albedo.
_t
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I I I I I I I I I ;0 SOLAR

INFRARED - AIRCRAFT
I
t 0 I .B- Sco OCCULATION

_ _ INFRARED-PIONEER
} I ULTRAVIOLET- PIONEER

I I l I I I I I

0 O.I 0.2 0.3 0.4 0.5 O.G 0.7 0.8
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Fig. 5. Sumrrmr)' of various delerminalion$ or the Jovian atmospheric [ He] I [ Ht] abundance
ratio. Shown is, the solar value from Hunten and k|unch (1973). the aircraft data from Pollack
(1976). • slellar occultation determination (Elliot el ol. 1974). the Pioneer infrared data (Orlon

p. 206) and the present range for the ratio. The combination of these data sugl_est solar

comrmsition.

Since the ultraviolet determination of the helium abundance depends upon

relative measurements of two quite different radiation sources-the sun and

Jupiter--with two quite different instruments, it is important to be able to

assess their relative consistency. ! n fact, this can be done by intercomparison

with a third set of measurements for which mutual observations of the inter-

planetary helium glow have been made. Weller and Meier (|974) observed

the interplanetary He 584 _ glow as have the Pioneer photometers. Their

measurements, obtained from Earth orbit at a = 18 h show emission rates of

1.5 _ 0.5 R while our own Pioneer l0 values for the same geometry give

- 1.8 R. Meier and Weller (1974) also measured terrestrial He airglow with

the same instrument and were able to deduce the solar flux value _rF_, = 2 x

10 _e photons sec -tcm -2 _-t since the thermospheric helium content is rath-

er well known. When variations with solar activity are taken into account,

their solar flux and that used in this work agree to within 25H. Not only do

these values of brightness and solar flux agree well in the relative sense,

which is the only necessary requirement, but they also agree well in absolute

magnitude. This adds confidence to the Lyman-a obse'r'vations on Pioneer

l0 since the relative calibration between the two channels is more accurate

than the absolute calibration.

The He-H= ratio found above holds only if the Jovian thermospheric tem-

perature is not significantly higher than the assumed |50*K. At 450*K, the

calculations indicale increased Hc abundances (for the same K). However,

if these higher neutral temperatures arc found, the Lyman-ar albedo and eddy
diffusion coefficient will have to bc reconsidered.
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Vl. SUMMARY

Observations of5.1 R diffusely reflected Hel 584 _ emissio0s from the

atmosphere of Jupiter by the ultraviolet photometer on Pioneer i0 establish
the expecled presence or He in the giant planet. In order to make a quanti-

tative estimate of Ihe relative abundance, we have measured the width and

intensity of the solar line and compared these measurements with other data

in order to estimate a Iine-cenler flux (at the time of Jupiter encounter) of

1.45 -4- 0.4 x 10 'a pholons sec -I cm -_ ,_-I at I A.U. The assumption ofco-

herent scallering in formation of the Jovian airglow line was investigated and

found to be an accurate approximation. The anisotropic angular scattering

function for He was included in model calculations of the average disc bright-

hess.The present status of knowledge of the atmospheric temperature and ed-

dy diffusion coefficient, which are required in the resonance scattering model

calculations, have been briefly reviewed. Assuming an isothermal ! 50"K at-

mosphere and the range of eddy diffusion values from the Lyman-o observa-

lions of Pioneer 10, the almospheric helium-to-hydrogen abundance ratiois

performed for a 450"K atmosphere indicate higher He abundances if such a
high neutral lemperalure is truly characteristic. However, this case would

require a reassessment of the eddy diffusion coefficient and L yman-o albedo.
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Sodium D-Line Emission from Io: Analysis of Line Profiles

R. W. Carlson, D. L. Matson, T. V. Johnson, J. T. Bergstralh

Abstract for Planetary Sciences (AAS) Meeting, Austin, Texas, A_il 1976.

High resolution sodium D-line emission profiles have been obtained

of the Io sodium emission cloud. The line shapes are asymmetric due to

anisotropic velocity distributions and the Doppler effect. These data

are compared to theoretical line shapes for initial velocity distributions

characteristic of sputtering by energetic particles. A variety of source

distributions over the surface of Io were considered. It was found

that the experimental profiles are compatible with those predicted by

sputtering and that the ejection of sodium atoms seems to occur n the

leading hemisphere of Io.
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PIONEER 10 AND 11 ULTRAVIOLET PHOTOMETER OBSERVATIONS
OF THE JOVIAN SATELLITES

D. L. JUDGE, R. W. CARLSON, F. M. WU and U. G. HARTMANN

University of Southern California

Jr

The Pioneer i0 and I I Jupiter probes ha_.e provided several opportunltles for obser.

ration of the Jovian satellites J I throul_h J V. From these data a tenuous atmosphere of

hydrogen for Io has been identified and. in the present worL. an additional short-_.ave-

length f_ < 800,4) emission associated with on eztended cloud centered on Io is re.

ported and interpreted as arising flom the radiatit'e decay of elcited atomic ions. Char-

acteristic • -rays prod.red by electron bombardment of lo's surface may als. contribute

to the signal. Emission features associated with Amolthea fJ I/I and Europa tJ II) ore

also ohjerl'ed. Signol._ apparently associated with J V occur in the long. _'a_'elrngth char-

nel _'hile emissions .'ere ohseta'ed in the short-.'arelength channel during J II oh,en'a.

lions. 7"he data of the Iong..'arelength channel are interpreted as arising from ot.mic

hydrogen Lyman.a emission in ol! rases. The source species for the short-.*al"elrnA, th

emissions cannot at this lime be unombiRuottsl 3" determined, hut the _'avelength ran_.,r

of the signals is well established.

The present observations of the Jovian satellites, J i through J V, have

proved to be extremely interesting, providing a number of new and unex-

pected results. At the time the Pioneer 10 and l ] missions were planned,

none of the satellites of Jupiter were known to have an atmosphere, either
bound or unbound. The earth-based observation of a sodium cloud associated

with lo, and that of a possible tenuous atmosphere at Ganymede have both

occurred since the Pioneer i0 launch in 1972.' [ For a review of earlier work

the reader is referred to articles by Newburn and Gulkis (1973), Morrison

and Cruikshank (1974), and Carlson (1975).] The sodium observation has

been of particular interest and has given rise to intensive efforts to understand

the complex interaction of this satellite with the Jovian magnetosphere, lo

'$cc pp. I |03 and 1004.

[ io68 ] -4
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is relatively unique among the thirteen known Jovian satellites_vith sever-a]

observations to set it apart from its companions:" (a) the decam'etrlc radio

modulation. (b) the now known Na and H clouds, (c) the strong variation

in color from pole to equator, (d) io's significant sweeping and injection of

charged particles from and into Jupiter's magnetosphere, and finally, (e) the

most recent observation reported here of extended, short-wavelength emis-

sion with _, < g00 _. Some of the possible interpretations of this observa-
tion will be discussed in later sections.

In addition to the sodium and hydrogen observations at lo, and the ex-

tended cloud of these gases in orbit about Jupiter, there is further evidence

that ultraviolet emissions are associated with another Galilean satellite,

Europa (J I l), and with the innermost satellite, Amalthea (J V). Prior to the

groundbased observations of sodium at ]o, the only suggested Jovian satel-

lite atmospheres were those of Ganymede and lo, the former tentatively

identified by stellar occultation measurements while post-eclipse brightening

suggested an atmosphere on the latter. Since stellar occuhations are rare and

only give limited information about the actual atmospheric constituents, di-

rect photometric observation can be highly rewarding.

The wave]ength region investigated in the present study has been limited

to observations shortward of- 1400 A, a region for which the earth's atmo-

sphere is opaque. The ultraviolet photometer which obtained the data to be

discussed covered two broad spectral regions shown in Fig. I. The short-

wavelength band is sensitive only to emissions shortward of _ 800 _, and

includes the 584 ,A resonance line of helium. The region of sensitivity of the

long-wavelength channel includes the hydrogen resonance line at 1216 ,A.

Although detection of emissions other than those from neutral hydrogen and

helium are certainly possible, the instrument design was based on the ex-

pected dominance ofthese two gases in the Jovian and interplanetary glow.

The broadband nature of the instrument response, however, requires careful

interpretation of emissions from less well-characterized sources, such as the

Jovian satellites, in fact, as discussed in subsequent sections, the demands of

self-consistency require that signals observed in the "'helium" or short-

wavelength channel be ascribed to a source other than helium atoms for the

present satellite observations.

Photometer data presented in the following sections are left in terms of

count rates, unless a reasonable estimate of source geometry could be deter-

mined. Conversion to an equivalent apparent brightness requires detailed in-

formation about the spatial extent of the source being viewed, as well a:

convolution with the angular response of the instrument and the viewing

geometry appropriate to the particular observation.

The next two sections present the details of the encounter viewing geom-

etry for the photometer and the equations necessary to convert count rates

to brightness. Subsequent and main sections will discuss th:e lo observa-

tions in each of the two channels, followed by their respect_e interpreta-
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Fill. I. Spectral sensitivily of the t_.,o.channel ultraviolet photometer of the University of

Southern California on board both Pior_cers lO and I I.

lions. Next, the Amahhea and Europa observations will be presenled with a
discussion of plausible source mechanisms for these heretofore unreported
emissions. Finally, two short sections on Ganymede and C__llisto complete
the satellite observational survey.

4
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/

Fill. 2. The optical axis of the pholomeler is at an angle e. _ 20" Io Ihe spin axis oflhe space-
craft. The angle 6 is Ihe clock angle relative Io the ecliplic. The inslantaneous field of view
is nominally i" x 10".

I. VIEWING GEOMETRY

The field of view of the photometer is limited by a mechanical collimator

whose optical axis is oriented at an angle 00 = 20 ° to the spacecraft spin axis

(Fig. 2). The scanning motion that results from spacecraft rotation sweeps
the field of view over the surface of a 40 ° cone having its verlex at the space-
craft and oriented along the spin axis. During both Pioneer 10 and 1 ! en-

counters the spin axis was parallel to the spacecraft-Earth line and nearly in
the plane of the Jovian satellite orbits; the curve traced by the intersection
of the instrument's line-of-sight with the orbital plane of the satellites is a

hyperbolic section as sketched in Fig. 3. As the photometer clock angle _ in-
creases from zero through 90 ° to i 80 °, the projection of the field of view onto

the plane of the satellite orbits follows the hyperbola from one asymptote
through its vertex to the other asymptote. At the time of the obser._.ations,

prior to periapsis, the spacecraft was below the orbital plane and allSalellite
emission features therefore occur wilh clock angles 0 < _ < 180 °. _iewed

from Jupiter's north pole, looking down onto the plane of the satellites, Figs.
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• CLOCK ANGL[ MEASURED POSIIIV[ JOVIAN SAI[LLI1[

NORTH Of [CLIP11C • oRBr_s 7
/

..co.i..olE '
rl xlO S

S/C _ _&L PL&NE J L- HYPERBOLA IS IN_ERC,[C110N

Fig. 3. The field or view pro)eclecl onto Ihe satellite orbitM plane traces a hylxrbola as the

spacecrtfl rotates from 6 = 0° to d, = IE0*.

Jll

PIONEER IO USC/UV PHOTOMETER

PROJECTION OF FIELD OF VIEW

(IN THE-PLANE OF THE SATELLITE ORBITS)

Fig. 4a. Viewing hypcrtx_la_ in the salellite plane as seen from ahoGi: Jupiter's norlh i'_¢

for Pioneer 10. The width of the hyperbolas represents 1h¢ I e cone a'_gl¢ width over u.h;ch

Ihe pholomeler is scnshive. Four diKcrcnt spacccrafl positions are s411o_.n and Ihc s.atcllile

orbits =uc labeled by each s.atellite's position at that time.
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/
PIONEER II USC/UV PHOTOMETER

PROJECTION OF FIELD OF VIEW

(IN THE PLANE OF THE SATELLITE ORBITS)

Fig. 4b. The samesequence=usfor Fig. 4a but for Pioneer I I.

40 and 4h show a computer drawn progression of encounter viewing over

several days for Pioneers 10 and ! !, respectively. The width of the hyperbo-

las as shown reflects the !" cone angle over which the photometer is sensitive.

Satellite viewing opportunities are indicated on the time axes of the data

plots (Figs. 5, 6 and 7)-and inset figures are included to show the orbits and

positions of the satellites in relation to the field of view at that time, as well

as the shadow of Jupiter. Fiducial marks along the orbits represent one-hour

intervals, and the horizontal line points toward Earth. The section of the field

of view shown in each case is centered near _ _ 15° with A_ -- -4-5°.

!!. RELATION OF COUNT RATE

TO APPARENT SURFACE BRIGHTNESS

The rate at which photons are received by the photometer due to a small

source element with apparent surface brightnesS. 4_/ photons sec -I cm -=

and projected area Ao is -:

- ,4 "
S _ X 4_1 x Ao photons sec -= -* (I)
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Fig. 5. Lonl:-wavclength channel dale for Day 333 was avenged over I period of 0.3 hr IO

oblain each poinl shown. The insc! shows The positions of Amallhra and Io al 17 h 50" _hcn

Io is ccnlered in lhe field of view with clock angle <_ -- I0".

t
where • is the dislanc¢ between the spacecraft and the source of emission:

,4 is lhe effective area of the acceptance apcrlure, and is a function of source

position (8, ¢) (Carlson and Judge 1974). For a source at the center of the

field of view (8o, ¢0), A is just lhc geometrical area of the aperlurc which is
1.66 cm _.

The response of the instrument to a finilcextended source, such as the

disc of Jupiter or an Io cloud isoblaincd by integratingA(8, _)over the field

of the object. For a source ofstrength 4_I(8, _) extending from 8, to 8=in

cone angle and _j to _2 in clock angle, lhe photon rale in photons per sec for

the photometer at (8o,¢o) iS

5 = _ dO de 4_/(0, ¢) A(O, ¢-- ¢o). (2)
I I

Here, wc have used the fact that da = F sin 80 d8 de. The apparent surface

brightness of a source with uniform emission, in photons--see -I cm -2, can
then be writlcn as "+
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?00 " • ' J '

'I , " ," • , , i ' ' , ' , ' , " ._ ;' i '

F •

I I I l"°'°
0 2 ,4 .20 22 246 8 I0 12 14 16 18

SPACECRAFI TIME DAY 334 GMT |hr)

Fi& 6. Long-wavelcnglh channel dala for Day 334 was averaged over a period or 0.5 hr Io

obtain ¢,ach poJnl shown. The insc'ls show Ihe positions of Amahhea and Io for Ihe times in-

dicalcd. The struclur¢ aI 14 h 00" and 18 h 00" is inlerpreled as emissions associalcd wilh

Amallheil. The uncertainty in the dale may b¢ more than the point scalier would indicate..

4_ =.s/[ s_"8°I'"Aco,o)x (_,-_,)_de] --(3j

Here we have neglected [he variation of`4(O, ¢ - S0) in ¢. This is justified

since we know /_> (= _2- _J) for the cases considered is always much

smaller than the photometer resolution in clock angle (- 25"). For example,

for a typical Pioneer ]0 observation a source with a verlical dimension of -

! Ra (perpendicular to the orbital plane) will subtend only A_ - 2° at Day

333 and A_ _ 2.5 ° at Day 334; Ihus, using ,4(8, 0) rather than ,4(8, d)) will
introduce litlle error for most sources. For an exlcnded source cenl¢red in

the field ol' view, with 8, -- Pj larger than ]% such as the lo cloud, the above

formula can be further approximated by

4=! ,,='6.3 x 104 x S/Am photons sec -_ cm -2. -: (4)

Here, we have evaluated the inlegral in Eq. (3) and used 8o --- 2(Y'; f_ is ex-
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?.Shr

_ ! • °.

'° ..Z

• I , I ., i J I , I , I _ I • I o l _ I •
=1, 4 t 8 J IO 12 14 16 18 20 22 _41

SPACECRAFT TIME DAY 535 GMT (hr)

FIg. 7. Shorl-wavelenglh channel data for Day 333 ,was averaged over a period of I }u" to

obtain e.ach point shown. The insel at 17" 50" shows the posilion of Amahhca and to st
that lime. "l'he inset at 7 b 001 includes the position of" Europa IS well. The small peak at -/b
00" could be characteristic x-rays from Europe's disc. whereas the signal at 17b 50 I" is in-

terpncted as due to radiative decay of excited atomic ions centered on Io.

pressed in degrees. (To obtain 47rl in Rayleighs, divide by 10".) For very

small sources, such as the satellite discs, angular variations can be neglected

altogether and the conversion of S to brightness becomes a function of area

ratios:

47TI = _ photons sec -j cm -2 . 151

-Here R Is the radius of the disc, and • is the distance from the spacecraft to

the satellite.

Finally, we note that tne photon flux S is related to the count rate C of

the instrument by

S = CI_, .. (6)

where _, is the spectral response of the photometer at wavelength ),. The
-4
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value of'r/_,asa function of _,forboth the long-wavelength and_ort-wave-

length channels isshown in Fig. I.In particular,the sensitivitydf the short-

wavelength channel at_ --584 _ is I/59 counts per photon and that orthe

long-wavelcng_h channel at_ = 1216 ,/_is I/88 counts per photon.

111. LONG-WAVELENGTH CHANNEL OBSERVATIONS OF IO

The long-wavelength channel data from Pioneer 10 (Fig. 6) have been

discussed at length previously (Carlson and Judge 1974, 1975, Judge and

Carlson 1974). These data have been interpreted as resonantly scattered

Lyman-o from atomic hydrogen inorbitabout Jupiter,lo being the "'source"

of the particles.The current extended analysisof the data confirms the earlier

resultsand, in addition,suggests that temporal variations in the cloud den-

silycannot be ruled out from the data.The viewing opportunities for lo and

the measured peak count-rates are summarized in Table I.

The long-wavelength channel (_,L)data as a function of time for Days 333

and 334, 1973, with the viewing geometry, are given in Figs. 5 and 6. The

data were averaged for either30 or 60 minutes, depending on data quality,

throughout the observation period.Since the spacecraft was spinning with a

period of about 12 seconds itwas possible to extract signalsburied in the

high-energy particlebackground noise by utilizingo prioriknowledge of the

location of to. For each spin, at the appropriate clock angle (rotationposi-

lion),a feature isexpected corresponding to emission from Io.Thus, by both

temporal and spatialfiltering,enhancement of the signal-to-noiseratio was

achieved. Recognition of a trueemission peak was based on both itswidth in

clock angle (minimum FWHM of25° for a point source), and itscontinued

presence at the appropriate clock angle for a lime at leastas long as that dur-

ing which the satellite itself occupied the field of view.

The data of Day 333 clearly show that emissions are detected at least 3

hours before !o enters the field of view, thai the peak emission occurs at 19 h

00 m, -- !.5 hr after !o is centered in the field of view, and that signals are

present thereafter through the end of the day. The dip following the peak

emission corresponds to a time when the trailing portion of the cloud being

viewed is shadowed by Jupiter and from these data both the excitation mech-

anism (resonant scattering of solar Lyman-_r) and the spatial extent of the

cloud have been inferred (Carlson and Judge 1974). Because of the effect of

Jupiter's shadow, neither the true peak counting rate nor the exact extent of

the cloud asymmetry can be unequivocally delermined from the data of Day

333. For the Day 334 viewing opportunity, however, the situation is not

complicated by shadow effectsand the peak counting rate of - 140 counts

sec-' occurs --2.5 hr afler lo iscentered in the fieldof view and emissions

attributableto ]o continue forperhaps 12 hr thereafter.(']'he"'himps" at 14h

and 18hare possibly due to Amahhea.) For an orbitalrate of- g?5 per hour,

the peak emission trailsIo by - 20° and the totalextent of the c'Youdiscsti-
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mated to be - i 20 °. The peak counting rate of Day 333 is only ut one half'."

or less of that observed on Day 334 despite the fact that the d'lstance from

the spacecraft to Io changed only from _ 75 to -61 Ra. Eve.n though the

effect of the shadow cannot be accurately assessed without more information

on cloud size and shape than can be inferred from present data, the relative

count_g rates for the two days cannot rule out changes in the cloud param-

tiers of perhaps 20_ over this time interval. These changes could be either

true temporal variations, a coupling of the emissions to the orbital phase of

!o. or coupling to the magnetic field of Jupiter.

column density

cloud angular extent

cloud thickness

emission intensity

Iota| number of

hydrogen atoms

loss process

IV. INTERPRETATION OF THE ,_L OBSERVATIONS OF IO

The emission data of the long-wavelength channel previously reported

have been interpreted as coming from an atomic hydrogen cloud in orbit

about Jupiter with the following characteristics (Carlson and Judge 1974,

1975):

3 x I0 '_ cm -2.

- 1/3 of lo's orbit in the orbital plane.

! R.I (assumed).

300 Rayleighs of Lyman_.

- 2 x 10 _ atoms.

possible production

processes

cloud temperature

charge exchange with magnetospheric

protons.

(1) proton flux neutralized at the surface or

in a tenuous atmosphere (McDonough

1975).
(2) photodissociation of atmospheric NH_

(McEIroy and Yung 1975).

(3) sputtering of hydrogen-bearing com-

pounds at the surface of Io. ..

(4) electron impact dissociation of a

hydrogen-bearing molecular atmo-

sphere (Johnson, el al. 1976).

3000°K (may not be in thermal equi-

librium).

The present improved data are in good agreement with the earlier results.

However, the large signal, and the apparently increased asymmetry evident

on Day 334 relative to Day 333 (possibly a shadow effect), suggest that the

high temperature of the cloud, inferred from its asymmetry, may not be re-

quired in order to explain the data. If a sporadic source wero invoked, a

much lower average atmospheric temperature could be accommodated, in
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agreement with the Pioneer 10 radio occu|tatlon data whi suggest a tem-

perature of 400°K (although one must hasten to note that 4he derived ion(>.

spheric temperatures are model dependent). Since it is known that the Jovian

magnetosphere (at least the outer regions) is highly dynamic and that the

magnetospheric panicles interact strongly with |o, as well as with several

other inner satellites, a lime-dependent source, and hence atmosphere, would

be consistent with other Pioneer observations. On the other hand, if the

processes of the hydroE.en and sodium atom source are related, the temporaJ

constancy of the sodium cloud (Bergstralh el al. ]975) would suggest a con-

slant hydrogen source.

The extent to which a current system of the type suggested by S]_awhan

et al. (]975)and Goldreich and Lynden-Bell (]969)connecting Jupher and

!o could account for either a variable or steady-state source of atmospheric

particles is not yet clear. It should be noted, however, that the magnitude

of any such current system is at least not always as great as suggested by the

above authors. The Pioneer I ] spacecraft flew within 6000 km of the flux

tube connecting Jupiter with to. According to E. J. Smith (persona| commu-

nication), the helium vector magnetometer did not observe a field change

either in magnitude of direction during this time. Taking their quantization

of 5003, (high field value) as an upper limit to the field due to a current system

of the lo flux tube, it is found that a current as low as l0 _ A would have pro-

duced a measurable perturbation. This maximum acceptable current is two

orders of magnitude below the value of Shawhan er o!., and one order below

that of Goldreich and Lynden-Bell.

V. SHORT-WAVELENGTH CHANNEL OBSERVATIONS OF IO

Obvious but unexpected signals were observed in the shorl-wavelength

channel of the Pioneer l0 photometer on Day 333 beginning at - 14 '_ 00 TM,

when the field of view crossed into the orbit of lo but before lo itselfentered

the view. Prior to this time, the signal-to-noise ratio was less than one, the

noise after fihering being about l0 counts sec -_ on Day 333. The signals
reached a maximum of- 20 counts sec -j as to itself came into the field of

view and continued, but with diminishing value, as lo left the field of view.

At -- 23 h 00 m the signal count rate decreased to the noise level and no lea:
lures were observed thereafter. __

An example of the data as a function of clock angle is given in Fig. 8_

and clearly indicates an emission feature at the l0 ° clock angle of !o. The

extent of the emitting cloud is difficult to estimate. However, only -- 2 hr are

required for lo itself to cross the field of view while the emission feature per-

sists for more than 6 hr (see Fig. 7). It is obvious thai the short-wavelength

channel emission signals extend beyond the solid surface of:-lo, and into a re-

gion at least 2 to 3 R., distant from Io (approximately "- 2(_.

If one assumes that the vertical dimension of the cloud is ! R,,, as was
adopted for the hydrogen cloud, then the observed count rate of 20 counts
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.. °

PIONEER ]0 X s CHANNEL DAY 333 GMT- Ig.l_hr

! _ ! , ! 1 ! 1 I , I
0 40 80 120 160 200

CLOCK ANGLE (clecj)

Fig. 8. The k s sisnid versus clock angle after averaging over a period of ! hr. The feature =1

d, _ IO" is inlcrpretcd as radiative decay of cXCiled atomic ions in an ¢xlcnded reglon of

space cenlered on Io.

sec -t leads to a surface brightness of ~ 40 Rayleighs. On the other hand, if

the emission feature comes mostly from a source the size of to, a brightness

of-- 25 kiloRayleighs (kR) is required using the detection efficiency at 584,_.

In order to limit the possible sources of the emission we note that the
short-wavelength channel is sensitive to radiation at wavelengths _.800 _,.

In the observation of Jupiter, there is no problem identifying the source of

the emission feature in this channel since a consistent model of J.upiter's

atmosphere would suggest only He as a significant scattering source in this

wavelength range (Carlson and Judge 19-74). However, both the constituents

and excitation mechanisms appropriate to lo's atmosphere remain somewhat

uncertain. Thus, positive identification of the short-wavelength emission is

difficult to establish, in the following sections some possible sources for pro-
ducing the emission features with k < 800 ,_ at Io are discussed.

Vl. INTERPRETATION OF THE ks OBSERVATIONS OF IO

A number of species are possible sources for the short-wavelength radia-
tion. The most likely candidates are neutral helium, excited ions. l_'ems-

strahlung and characteristic x-rays. Each is considered as a source of either
extended emissions or restricted to the disc of !o, and is discussed'l_elow.
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A. Ezlended Cloud Emission _._

Helium. The first extended short-wavelength emission to _ considered

is the j_ossibilit)_ of helium resonance emission, since the He ! resonance line
(584 A) is a prominent feature in the solar ultraviolet spectrum. This solar
emission, incident on a helium almosphere, will be resonantly scattered with

an excitation rate (g-value_P at Io of 6 x 10-' sec -_ atom -_.
Helium atoms can of course also be excited by particle impact. The ex-

citation rates for panicle excitatlon, accurate to an order of magnitude, are
summarized in Table !i. The electron and proton fluxes and cross-section

data from Carlson et al. (1975) are also listed in Table !!. From this table we

see that the panicle impact excitation rates for producing excited helium are
less than the excitation rate by resonance scattering. Thus, if it is assumed

that resonance scattering dominates the observed emission at lo, the pres-

ently observed brightness of 40 R (assuming a source ! R.p in vertical extent)
requires a He column density of 4nllg -- 7 x 1013atoms/cm -_. Since helium

escapes so rapidly from !o, the production of a helium torus would be inevi-
table (if !o was a source of helium). We therefore rule out a localized atmo-

sphere around Io (i.e., within a few scale heights) as the source of observed
emissions. It would also be impossible for such an atmosphere to produce

the observed intensity by resonance scattering, since even if the atmosphere

were thick enough to scatter the entire solar line, an intensity ofonly - 250 R
would be produced, which is to be compared with 25 kR if from the highly

localized atmosphere.
Trafton (1976) has placed an upper limit to the density of'metastable

23S helium atoms near lo of 4 x I(P cm-=. The relative population of recta-

stable and ground-state helium aloms can be related by examining the mech-
anisms for production and loss of triplet helium in the near Jupiter environ-
ment. The most-efficient means of populating the triplet levels is electron
excitation, and there does exist thermal plasma at the orbit of 1o with suffi-

cient energy (- 100 eV) for excitation (Frank et al. 1976). In the absence
of other destruction mechanisms, electron collisions would produce a popula-

tion of excited He characteristic of the electron temperature. However, other

processes can destroy metastable helium; these include photoionization,
two-photon decay, and electron ionization. The destruction rates for these

processes are respectively: _6 x 10 -s. -2 x 10 -s (McElroy 1965), and
- 6 x 10 .4 sec -_ (estimated using Gryzinski's cross sections and the plasma
measurements of Frank et al. 1976). The cross section for producing triplet
helium atoms can be estimated from the experiments of St. John et al. (1964)

and Jobe and St. John (1967). We find a total triplet excitation cross section
at 100 eV of - !.5 x 10-" cm _ which gives a production rate of 3 x 10-'

per second per He atom. The ratio of neutral to metastable atoms is then

sX. F_X*(,eSlm,cS)f-.(g.83x l0 -'_ cm)x ('rtFDXZ_For He 584 _. "riFe_-7.4 x 10"s_-i
cm-I _-_at the orbitof Jupiter(Maloyet al.1976)and f,= 0.28.
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TABLE 11 .-_
The Helium Ezcitation Rote Produced by Particle lmpact_

Flux Cross Section Excitation Rate
Particle (sec -I cm-:) (cm T) (alum -! see-')

Reference for
Cross Section

Electron -- 10'" _ 10 -16 < 10 ..4 Altshular (1952)

Proton -- 10_ _ 10-" < 10-' Bell (1961)

H atom _ 10=" _ 10-I' < 10-I' Bales and Crothers (1967)

"High-energyH flux- column density of Hllifelimeoflov,-¢nergy H - 10':/10"_'=
10 r $¢¢-' cm-'.

_7."

(6 x 10 -s + 2 x 10 -s + 6 x 10-')/3 x 10-' = 3 x 10a. This results in an up-

per limit to helium atoms of - 1.2 x 10 's cm--" based on Trafton's (1976)
measurements, which argues that the emissions observed by Pioneer 10 are
not due 1o helium.

Consideration of possible production and loss mechanisms for helium

can also provide an estimate of the amount of helium in the Io cloud. For

the earth, radioactive decay of uranium and thorium and their subsequent
decay products provides the atmospheric helium. Such a source sufficient

to supply the required column density at Io would be surprising indeed, un-
less !o is unusually enriched in radioactive elements, and is not considered
here.

A second potential source of helium is the neutralization of magneto-
spheric alpha particles at !o. The total o-panicle flux in the Jovian magneto-
sphere has not been determined to great precision, but order of magnitude
limits on both the source flux and subsequent loss of helium atoms are dis-
cussed below.

Pioneer 10 data indicate that the ratio of the flux of a-particles to that of
protons is a highly variable function of particle energy and distance from
Jupiter. Trainor et al. (1974) find 6 x 10-' < J, IJp < 6 x 10 -s for 3-6

MeV per nucleon particles between 30 R., and 90 Rj. Simpson et al. (1-9-74)-
find values for the ratio at I MeV per nucleon as large as 2 x 10 -2 for some
distances in the 30-90 R., range. Giving slightly more weight to the lower-

energy data where fluxes are higher, a reasonable upper limit might be J,,I
J, <-. 10-=. With low-energy proton fluxes possibly as high as 10" cm -_ see -_
(Frank et aL 1976) at the orbit of !o, the estimated-upper bound to the a-

particle flux would be Jo _< 106 cm-" sec -j. although it must be recognized
that the initial sources of the energetic magnetospheric particles and the

thermal plasma could be quile different, exhibiting quite different particle
abundances.

If the (z-particles swept up by Io's disc are neutralized and leave tile satel-

lite as ground-state helium atoms via Jeans escape, their mean ex_anslon
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velocity <v> ----_/2kTI3m. =- 0.46kin sec -s. To explain t_ observed or-

bital exlent of _.___AO_< 20" requires a lifetime 7, _< il3RAS<'v>, which is

-- I.! x i0 s see (Carlson and Judge 1974) implying a iota] column density,

in the exlended cloud, urn - (RIo/R_):JoT, -- 7.4 x i0 Tcm -2. The observed

signal, however, requires a column density urn - 7 x l0 '_ cm:, several or-

ders of magnilude higher than thal eslimated from an optimistic interpre-

tation of available panicle flux data. In addition, to limit a possible helium

cloud to within 20 ° of !o requires a highly efficient loss process. The most

probable process is likely to be electron impact ionization which has a maxi-

mum cross section oftr <_ 4 x i0 -_: cm-" (Lotz 1967) peaked near 0.1 keV.

This would require a low-energy electron flux J,,t - i/To" > 2.3 x l0 w_cm--*
sec -I at 0. ! keV, and is not consistent with the measured value which is esti-

mated to be < 10 '° cm--* sec -n.

Therefore, in addition to Trafton's measurements, there are several theo-

retical reasons why atomic helium is probably not the source of Ihe.signal

observed in the short-wavelength channel: (a) the most reasonable estimate

of the integral alpha-pariicie flux at the orbit of io ms insufficient to explain

the observed signal intensity, and (b) even if adequate amounts of helium

were somehow produced by other mechanisms, there appears to be no loss

process that is efficienl enough to limit the extent of such a cloud to the ob-

served 40 °. Having shown that atomic helium is not a likely source of the ob-
served emissions, we next consider atomic ions since substantial amounts of

sodium are known to exist in the vicinity of io (Trafton et el. 1974; Brown

1974).

Sodium and Olher Atoms. Another potential source of the observed

short-wavelength emission is the ]',4a ll resonance lines near 400 ,/_. These

emissions can be produced by both panicle ionization-excilation and reso-

nant scattering of solar radiation by the ion. We consider first the loss mech-

anisms for Na atoms, which produce Na* ions in the extended atmosphere,

in addition Io the excitation processes leading to emission of the Na !i reso-
nance lines.

It has been estimated by Macy and Trafton (1975) that the sodium atoms
are lost from the extended lo cloud at a rate of 6 x 10-' sec -I. It has been

argued by Carlson el el. ( i 975) that the primary Na loss mechanism is through

electron _onization with a rate of _ 5 x i0 -° sec -j, in good agreement with

the observed sodium cloud geometry. However, the charge exchange of so-

/_ium with magnetospheric prolons also contributes to t"he loss rate of sodium

4n the lo cloud. Charge transfer between H _ and Na was not included by

Macy and Trafion (1975) and Carlson et ol. (1975) because of the large in-

ternal energy defect (8.5 eV) between the ground states of hydrogen and so-

dium. leading Io a low cross seclion at energies of the thermal plasma. But,

as poinled out by G_ebler el el. (i 970), the energy defect be.tween the first

excited state (n = 2) of hydrogen and the ground state of Na is only about
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1.7 eV, and the condition for near resonance is satisfied. Thus, tKe contribu-

tion of th_ n : 2 state of hydrogen may result in significant charge transfer
between H" and Na. The cross section for this charge transfer is -- 10-" cm:

in the energy range from ! to 10 key (GriJebler el al. 1970). This is quite
large compared to the cross section for electron ionization of sodium, -4
x ]0-" cm:, for energies from ]0 to 100 eV.

To estimate the importance of this charge transfer process we note that
the proton flux at lo's orbil in the 0.108-4.8 keY region can, according to
Frank et al., be represented by a thermal distribution with a temperature of

100 eV, but with perhaps an additional high-energy tail, with a spectra]
index of_ 1.3. The integral flux greater than I kcV is then found to be _ ]0J
cm -2 sec-t, while the mean cross section for charge transfer in the 1-10
keV range is _ "/x 10 -'s cm-', and results in a sodium loss rate due to proton
impact of _ 7 x 10-; sec-L The relative importance of this process clearly
depends on the actual value of the proton flux adopted.

The Na loss process may_occur through $imu!!-.neo,Js 'o.; n :_,,._t,_,,,:^-a,'_d ex-
citation. The emission rate of Nail lines through such loss is considered

below. The excited states of Na*, such as 2pS(=p°:)3s and 2pS('-p°;)3d are
about 30 to 40 eV above the 2p 6ground state. The wavelengths for the tran-
sitions from these excited states to the ground state are between 300 and
400 ,_. and would thus be detected in the short-wavelength channel. For elec-
Irons, the cross section for the ionization excitation process is _ 2 x ]0 -_;
cm _, with a maximum at E = 200 eV (Omidvar el al. ]972). For a flux density
of i0 Deelectrons cm -_ see-_, the excitation rate is then 2 x ]0 -7 see-j per Na

atom. Using an average Na column density of 10'e-10 '_ cm-_ in the vicinity
of ]o leads to an estimated emission rate of 0.002-0.02 R for the Na ! ! lines.

This intensity is over two orders of magnitude less than the observed emis-
sion. The cross section for ionization excitation of Na through H" impact has
not been measured. However, this ionization excitation cross section can be
estimated from the model of Gryzinski (1965) for charge transfer, giving a
value ~ ]0-" cm:, with a maximum at 40 keV. Assuming the H" integral

flux for energies greater than 10 keV to be 10: cm-" sec-L an excitation rate
of 10 -'° sec-' results, and is much smaller than that for electron ionization
excitation.

Once created in an extended atmosphere, ground state Na I! may be ex-

cited by electrons or protons, or may resonantly scatter incident solar radia-
tion; these effects are shown below to be negligible.

The electron and proton excitation cross sections of Na* have not been

measured. An upper limit Io the electron excitation cross section is found by
adopting the ionization cross section of Na II,o" - 10 -'7 cm * at E - 100 eV
(Lolz 1967). An electron flux on She order of 10'° cm -_ see-' then.yields an
excitation rate of- 10 -_ sec -_, which is about the same order of r_agnitude

as that for ionization excitation of sodium. Since the proton ionization cross
section only becomes significant at about 1 MeV, the proton ionization exci-
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lation rate will be on the order of l_ smaller than that for electron ex_i!ation

ionization. The large difference in rales results from the fact that theproton

and electron io'nizat;on cross section peaks occur at greatly different _nergies

and hence fluxes. The ratio of electron to proton flux at their peak cross

sections yields the factor of I(P. If we assume proton ionization excitation

to have Ihe same efficiency as that for electrons, proton excilation will

clearly be negligible.
Next we consider Ha !I resonance scattering at 372 ¢i, and 300 ¢I,. These

lines have not been isolated in the solar spectrum, an upper limit to the flux

might Ix: placed at -- 10: sec -I cm-" ,_-). For I - 372 ¢_, this implies a reso-

nance scattering rate of _ 10-' sec -_, even smaller than tha! for electron ex-

citation of Na". Unless the Na" density is significantly greater than neutral

Na in the vicinity of !o, lhese relatively low excitation rates argue against

panicle and photon impact on Na" in producing the observed emissions. The

limited spatial extent of the shorl-wavelength emissions strengthens this

argument. Hewly created ions will be swept up by the co-rotating Jovian

m:_mtJt;r Rt.lrl -_-_d ¢"....... 1:_.a,...'__11 .... J':'_.-_'L._.'_JIJI 111 _ I.._|llll_ll It,.._kll_ _)¢IIIIIIE|I_L............... u,_, _uu.un since the rota-

lion period is probably much less than the lifetime. Such a distribution was

not observed in the emission profile.

The ljmhed orbital extent of the emissions (± 20 °) is consistent with the

limited orbital extent of the observed neutral Ha emissions (Brown and

Yung; s Traflon el al. 1974), and the strongest emission mechanisms discussed

above are associated with the observed neutral sodium cloud..However, it
appears that radiation from sodium ions alone cannot account for lo's shorl-

wavelength emission. There exists the possibility that other elements (e.g.,

K, He, H) are present with sodium in the lo cloud. These elements can also
contribute to the observed sho_-wavelength emission through simultaneous

ionization and excitation by energetic panicles. For example, for atomic ni-

trogen the ionization cross section of the 2s shell (_ l0 -16 cm -_at E _ 100

eV) by electron impact is comparable to the cross section for the 2p shell

(Omidvar el al. 1972; Lotz 1967). Removal of the 2s electron leaves the ion

in the excited 2s 2p 3 3S 0 state, which then decays emitting 645 A radiation.

Using l 0 '° cm-= sec -_ as the electron flux and ] 0 -'Gcm-" as the cross section
for excitation ionization leads !o a reaction rate of 10 -6 see-'. Thus a nitro-

gen abundance of l0 's atom cm-= is required to account for the _,s-channei

intensity measurement of l0 Rayleighs.

B. Surface Emission

Although it is apparent that the ks--channel emissions appear to come

from an extended region around lo, the total peak signal may contain a sub-
stantial contribution from the disc of !o itself. We consider below three

.2:

sSc¢ p. ! 103.
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processes: (a) emission from exciled Na* produced at the surfacl_ of Io by
sputtering, (b) characteristic x-rays produced by energetic panicle- bombard-
menl of the elements in Io's surface layer, and (c) bremsstrahlung from high-

energy panicles impacting the surface. The third will be shown Io be negli-
gible, whereas the other two may contribute to the observed signal.

Surfoce Sputtering. The primary source of sodium atoms and ions in the
cloud of Io is thought to be sodium-rich evaporite salts, such as sulfates
(Fanale et al. 1974) on the surface of Io which release sodium through sput-

tering by magnetospheric panicles (Matson el al. 1974).
Recently Nash el at. 1975 measured the sodium-D line emission pro-

duced by proton bombardment of silicate and halite rock samples. The

sputtering yield (number of sputtered sodium atoms in the 3p state per pro-

ton) was found to be 10-_. A total sputtering yield of 10-: for proton bom-
bardment (including all the ejected atoms and ions) has been reported by
Carter and Colligon (1968). The ratio of neutral atoms (including all states

of excitation) to ions in the sputtered ejecta is unknown. However, it has
been nb,;er've'd thal th,- majoP:')' of -_':_"".... _,....... _,sputtered from ..... halides...... -,,Ka,,
under ion bombardment are ions (Campbell and Cooper 1972, Batanou
1963), in contrast to metals where the sputtered panicles are primarily neu-
tral atoms. Thus, it seems reasonable to assume that the prolon sputtering
yield for ions might be as high as 10-2 and that some of the ions are in ex-
cited states.

Since the low-energy proton flux at !o is about 10' protons cm -s sec -m,
under the assumptions discussed above, the production of excited sodium

ions by proton sputtering will be less than but perhaps comparable to 107
ions cm, _ sec-L The flux of parlicles which produce sputtered atoms and
ions could include heavier magnetospheric nuclei and re-impacting ions, in
which case the emission rate could be greater. If the emission comes only

-from the decay of sputtered ions, the brightness of lo's disc would be 10 R.
This estimate ignores secondary processes since it is noted that bta" ions

which are sputtered from NaCi crystals have an energy of only !-i0 eV
(Miyagawa 1973; Stuart el al. 1969). For the "Na-D lines emission, how-

ever, Flash el al. (1975) observed that a 3.0 keV proton flux ofdensity 1.7 x
10" cm-" sec -j produced an intensity of 2.6 x 10 '0 photons cm -_ sec -j,

while a 5.0 keV flux of 2.8 x 10 '_ cm -_ see-' only increased the intensity to

3.5 x 10 '° cm -2 see-'. If it is assumed that the emission efficiency (photons/
proton) is dependent on the incident power density P according to a power
law, • _ P" ('y - 0.3), then a ! MeV proton flux of density 10T cm -z sec -_
could produce a Na-D line emission of several kiloRayleights (Nash el al.

197.5). If the same power law holds for the bla* emission lines, a brightness
as large as l0 kR could result. Such an extrapolation to high energies and to
Na" is a rather gross assumption, however, and the 10 kR valueshould be
considered as an upper limit. _
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Characteristic X-Rays. A second possible source of short-wavelen_h ra-

diation from the disc is the characteristic radiation. Here the energy _ss by
a bombarding particle is primarily through excitation of'inner shell electrons

of the surface atoms. The radiation which results when the atoms re_urn to

the unexcited stale is the characteristic radiation or valence-band emission,

depending upon the initial energy level of the electron involved in the radia-

lion. The emission spectra of possible elements in lo's surface layer, such as

Na, Mg and A1, are well known (Arakawa and Williams 1973; Rooke 1963;

Hansen and Arakawa 1972). The wavelengths of the L-shell band emission

are 200-400 A, and are thus within the sensilivily range of our short-wave-

length channel.

The cross section for inner shell ionization due to bombarding electrons
has been derived by Gryzinski (1965) and is given by

nor o

or, = U----i gdE, I U,). (7)

Here (To= _e 4 = 6.56 x 10 -'4 cV-" cm:, Ui is the ionization energy of inner

sheii electrons, n is the number of electrons in the shell, and E, is the energy

of the incident electron. The function gdE, I U,) contains the energy depen-

dence of the cross section and has a maximum value of about 0.2 for E,I U,

2 to I 0. For the 2p electrons of the sodium atom, U_ ---- 50 eV, and the L-

shell (n = 8) ionization will be produced primarily by 0.1-1 keV electrons.

The L-shell ionization cross section in this energy range is then 10-" t0 10 -j'
cm-'.

The relationship between the x-ray production cross section or, and the

ionization cross section o', is o_ = &cq. Here & is the average radiation yield

for the appropriate atomic shell (i.e., the fraction of the shell vacancies which

are filled radiatively). For the L-shell of an atom with atomic number < 30,

the value of& depends on the structure of the solid and is taken' 1o be be-

tween 10-_-10 -'. Thus, the electron cross section for producing L-shell ra-

diation is o'_. -- 10-zs-10-1' cm:.

The number of x-rays created by each incoming electron, per cubic centi-
meter, is

/'number of atoms'_
= o'j,(cm')X _- c_--_ ,]

(8)

where No is Avogadro's number, A is alomic mass andp is the density of the

"_, for Ihe L-shell of aloms ¥.'ith Z < 26 has not Ixcn measured or calculaled. The quoted range
of values adopled here was estimated from the existing values or _ for other atoms. S_e. for ex-
ample. Chen and Crascmann (1971).
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malerial. Taking into accounl the selfabsorplion of the x-rays as the_escape

from the ma/erial, the x-ray yield per electron is equal to .-

RoIP
4p

Y = [ ¢e-"_'d.r
J,

(9)
= -_-(! -- • -'_°)

/.tp

where/z is the mass absorption coefficient for x-rays, and Ro is the range of

an incident electron in gm cm -_. The photon absorption cross sections of

simple molecules, in the 400 _i, speclral region, are on the order of or -- i 0 -17

cm: (see, for example, Lee el al. 1973). The mass absorption coefficient at

these wavelengths for an atom with ,4 - 20 gin/mole is then p. = (Nol.4)cr

----3 x ! (P cm: gm-L For a range, R0, on the order of l 0 -5 gm cm -2 (Katz and

Penfold 1952) the term exp(-#R0) ~ exp(--3) is much less than 1. The yield

of photons per electron can thus be simply written as

Y _ tb.I/_p ( IO)

O.x[ O. .

For ors between 10-sJ-10 -_' cm _, the x-ray yield Y is l0 -+ to l0 -I photons

per electron.

Assuming a flux density of I 0 '° cm--" sec -I for low-energy "electrons, the

characlerislic radiation intensity is l0 °3- 10 ° kR, and thus would not contrib-

ute significantly to the signal of the k._ channel. However, we note that the

above estimate did not consider the presence of the "'secondary" electrons

inside the material, which can cause additional x-radiation. Lacking accurate

cross section data, the possibility that characteristic emissions also contrib-

ute to the signals detected by-the short-wavelength channel on Pioneer l0

cannot be ruled out.

No essential difference exists between the cross section for ionization by_

protons and by electrons, if they have the same velocity. Since the mass of

a proton is a factor of 1836 that of an electron, L-shell ionization of sodium

requires MeV protons. The available proton flux in this range is small, on

the order of l0 _ cm -=sec -I, and the characteristic radiation due to proton

excitation is thus expected to be much less significant than thal due to elec-
tron excitation.

Bremsslrahlung. The third potential source of short-wavelengll_ radiation

from the disc, bremsstrahlung, is a continuous x-ray emission spectrum re-

suiting from the inelastic collision of electrons with nuclei. The spectral dis-

tribution of bremsstrahlung for material with atomic number Z bombarded

by an electron with energy E, is
+

dl = 2KZ(EI -- EA) dEA for 0 < E_ < E, . (i I)



-139-

D. L. JUDGE ET AL.

where I is the bremsstrahlung energy, Ea is the photon energy-_nd K is a
constant. ForE, 4:2.5 MeV, K is (0.7-'-0.2) x 10-= MeV-' (Eva_ns 1955).

The bremsstrahlung spectrum extends over all energies fro.In 0 to E,.
However, the detection range of the Xs channel is limited, as we h-ave noted,
to radiation with X < 800 A (EA -- 1.5 x 10 -_ MeV). Moreover, for radia-

tion with ), < ! ,/_ (E, "-- 1.2 x 10-= MeV), there is no angular resolution in

the ultraviolet photometer since the instrument collimator is transparent to
such radiation: hence, no peak signal could be detected. Thus, the total de-
tectable bremsstrahlung photon flux is

f,"n = 4_(E_) 2KZ(E, -- E,) dEa
• I 11)-$ E,

[ E. ]--2KZd>(E,) E, Inl. 5x l0 -s +(E'- !.5x 10-s)

(12)

where _,(E,) is the electron flux density at ener'gy E: and E. is the smaller
of E, and i.2 x 10-2 MeV; both E_ and E. are expressed in MeV.

To estimate the bremsstrahlung contribution we calculate the signal to
be expected from both keV and MeV electrons. We adopt an electron flux
of ]0*cm-" see-' at 1 keV and 10Acm-_ sec -_ at i MeV. UsingZ- 10and
K --- 0.7 x 10-_ MeV-', the detectable bremsstrahlung flux from lo's disc
is 4 x ](P photons cm-'- sec -I for keV electrons and it is -9 x 10Zphotons

cm -_ sec-' for MeV electrons. These values are several orders of magnitude
less than the intensity inferred, from the Xs-channel data. Thus, the brems-
strahlung radiation cannot contribute significantly to the signal observed in
that channel. It should be noted that the above calculation does not include
the effects of sell-absorption; including this will further reduce the brems-
strahlung flux. While protons also give rise to bremsstrahlung, the produc-
tion cross section is only (! [ 1836): that of electrons and is accordingly in-

significant.
Summarizing our interpretations of the Io short-wavelength emission,

we note separate contributions from the area surrounding the satellite and
from its surface. The most plausible interpretation of the data suggests that
the observed emissions arise from (I) decay of excited Na* and other ions

produced by particle impact ionization-excitation of the neutrals in the ex-
tended cloud, and (2) the decay of excited Na'. produced by sputtering at
1he disc, as well as possible soft x-ray band emissions. The resolution of the
photometer in both clock angle and wavelength does not allow a quantitative
estimate of the various contributions to the Iota] signal, but our data strongly

suggest that the above mentioned mechanisms are those most likely to be
consistent with the known properties of this most spectacular of the Galilean
satellites.
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VII. AMALTHEA ._

Little is known about Amahhea (J V), partially because of its smah size,

R.Ir -- 120km (Rieke 1975), and because its low relative brighlness'_,,isual

magnitude 13) and its closeness to J upiler (2.2 R j) make observation difficult.

In the absence of accurate mass and radius data it is not possible to determine

its density. However, the orbital characteristics would imply that J V belongs

to the Galilean satellite group. Magnetospheric panicle impact on Amalthea

may be much more intense than that for the Galilean satellites, and one might

expect to observe ultraviolet emissions due to such an interaction. The pres-
ent ultraviolet observations of Amahhea represent the first such measure-

ments and are therefore of considerable interest.

The viewing opportunity for Amalthea extended from approximately 12"

00" on Day 334 to 19" 00" of Day 336. During this period Amahhea entered

the field of view 9 times. The observational results are summarized in Table

!!!. Most of these data, however, are not useful either because the back-

ground count rate was too great or because Jupiter was also in the field of
..: .... "r't. ..... .-:_..,_! ,-I._, .......... t..,4 I-,,.l_w follnwPd hv an inler-Dre-
V11_1111¢. I II1.,. Ik.A_c,I,.llllllf,,,.lltfll _,_flt_l[$ _11_1_,,- I ,_'l_....)_llt_u V¢l_ "" °v ..... --_ _J ......... f " --

ration of the measurements.

A. Long.Wavelength Channel Observations

The long-wavelength data shown in Fig. 6 indicate that a weak signal is

present at the end of Day 334. The signal count rate is _ 40 counts see-' and
well above the noise level. The source of the signal has been assumed to be

the cloud of hydrogen trailing io (Carlson and Judge 1975). However, ac-

cording to the viewing geometry, these signals could also be due to a hydro-

gen cloud of Amahhea. In support of this interpretation it may be noted in

Fig. 6 that the signals are not monotonically decreasing with increasing or-

bital angle measured from lo, as expected if !o were the only source of the

observed signal. An increasing signal is observed at 14 h 00" of Day 334.
This coincides with the fact that the extent of the field of view inside Amal-

lhea's orbit increases significantly at this time. it is thus tentatively sug-

gested that a portion of the apparent asymmetry of the observational data

(with respect to Io's orbital position) is caused by emission from a hydrogen

cloud at the orbit of AmaltheaT

It should be noted, however, that at this time the spacecraft is less than

7 R,_ below the orbital plane, while it is still far away from_Jupiter (about 60

R.:). A sphere with a diameter of I Rj at lo's orbital position would subtend
about 2.*5 in clock angle. On the other hand, two points in the orbital plane

with a separation of lo's orbital radius (- 6 R j) also only subtend - 2* in clock

angle. Thus, for this geometry it is not possible to resolve (in clock angle)
two sources with a separation of less than lo's orbital radius, and Amalthea's

contribution to the total signal cannot be unambiguously isolated from that
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of the distant tail of lo's cloud. The viewing geometry in the orbital plane
is given in .Fig. 6. . --'

It is difficult to estabiish the extent of an Amahhea cloud from the pre',sent
data. However, it can be estimated from the expression (Carlson and Judge
1974)

AB =,, 3 <v> ¢IRA. (13)

Here A0 is the angular extent of the cloud measured with respect to Amal-

rhea. <v> and ¢ are the mean velocity and mean life-time of the atoms, re-
spectively. R4 is the orbital radius of Amahhea. With a 100 eV proton flux of
2 x 10' cm -_ sec -j at Amalthea's orbit (Frank et al. 1976) and assuming that

the H atoms are lost through proton charge exchange with a cross section of
4 × 10 -_s cm _, T is =- I x i0 s sec. The temperature of Amalthea is 150°K

(Rieke 1975) and the corresponding Jeans mean expansion velocity is <v>
-0.9 km sec-L Hence, we get A0 - !.9 radian.

The total angular extent of the cloud is thus = 3.8 fad (2 ! 80). Accord-

ingly, the Amahhea cloud is probably not a complete Iorus. Using 40 counts
see-' as the optical emission from the Amahhea cloud and assuming the
vertical dimension of the cloud to be ! Ra (as for Io), the surface brightness
would be about 100 Rayleighs, for a Lyman-a source.

During the viewing opportunity on Day 335, the background count rate

was quite high, and no emission feature was evident. Later during the day
and early the next day, signals were present, but these were mostly due to
Jupiter. After I I h 00" of Day 336, because of background noise, no useful
data were obtained.

B. Short-lf'avelength Channel Observations

A signal with a count rate of about 20 counts sec -_ appeared on Day 33n
at lg h 00" as Amalthea first entered the field of view. However, the signals

were spread over a clock angle of$0 ° and only persisted for _ i hr. Since the

signal was present for such a shorl time and was spread over such a large
angular extent, it is difficult to account for the observations in terms of 0pticaa

emissions; most likely they must be attributed to interference from a unidi-
rectional high-energy panicle flux. For such a case, assuming a 25 ° optical
emission s superimposed on the wide background signal, the optical emission
is estimated to be less than - I0 counts sec -t. For the viewing opportunities

of Day 33.5 and later, the shorl-wavelength channel data are either very
noisy or contaminated by emission contributions from Jupiter; Assuming 10
counts sec -_ to be the maximum optical emission from Amalthea's disc, its
maximum brightness near 400 /_ is estimated at 2500 kR.

*An optical emission from • point source _,ill ¢xtcnd over - 25" in clock angle. "
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VIII. EUROPA _ i

The density of Europa is nearly the same as that of !o (_ 3 gm'cm-3).

Unlike lo, its spectral refleclance clearly indicates that H20 covers most of

the satellile's surface, which Fanale et al. (1974) suggest is composed mainly

of hydrated salt and ice. The lack of evidence for sodium in the visual obser-

vational data may simply indicate Ihat either there is less sodium available

at the surface to be sputtered or that the presence of H:O at the surface

makes the sputtering process less efficient. The possibility of meteoritic

material supplying the sodium seems unlikely, although it cannot be ruled

out. Ganymede apparently has more meteoroid impacts than Europa, yet
there is no direct observational evidence in either the ultraviolet or visible

spectral region for sodium as a surface or atmospheric constituent on thal

satellite (Morrison and Cruikshank 1974).

Europa, like Io, apparently interacts strongly with the magnetospheric

particles. This is evident from the sweeping of high-energy particles at Euro-

pa's orbit, as at the orbits of Amalthea and !o.

A. Short- If'arelenglh Channel Obser_'atlons of Europa

Referring toFig. 8, the data show a clear emission signal of _ 13 counts

see-' peaked at 7h 00 m hours of Day 333. At this time !o is almost directly

on the other side of Jupiter from Europa and is not likely to contribute to the

observed signal. Emissions are present for about 2 hours, which is the time

required for the satellite to pass through the field of view. Assuming a source

of Europa's size (R = 1550kin), the apparent brightness is about 14 kilo-

Rayleighs (at _, - 400 A). Other Europa viewing opportunities are either

contaminated by signals from other objects in the field of view or limited by

noise, permitting only upper limits to be determined, as given in Table i V.

B. lnlerprelatloh of Europa's Short-Wavelength Channel Observations

The proton density in the vicinity of Europa is l 0 cm -a with energy 400

eV (Frank et al. 1976) and the proton flux is _ 3 x 10s cm -2 sec -I.

Proton bombardment of Europa's surface would be expected to sputter

surface atoms into the surrounding space and thereby create an atmosphere.

Since there is no evidence for an atmosphere or ionosphere at Europa, the

sputtering process at the surface may be insignificant, perhaps due to the

water frost thought to be covering much of the surface.

Europa's surface is also bombarded by an intense electron flux. This

bombardment will cause characteristic x-ray radiation from the surface ele-

ments. "The possible elements in Europa's surface, such as Na, Mg, K, and

Ca have valence band x-ray emissions with wavelengths between 200 and

700 A. and within the sensitivity of the short-wavelength channel. Assum-

ing a surface composition and electron flux similar !o thal at Io and using the

same rather uncertain cross section data, a perhaps conservative _stimate of
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the x-ray contribution to the observed brightness of Europa is _ i ;kR. Fur--

ther consideration of this and other processes is required to establish the

origin of the observed shon-wavelent.,th emissions.

IX. GANYMEDE

The mean density of Ganymede is about 2 __m cm -3 and it probably has a

small rocky core and a liquid mantle covered with ices of water, ammonia

and methane. The surface is apparently reasonably uniform as observed in
eclipse radiometry, ahhough large-scale variations in its albedo are evident.

The infrared spectrum implies water ice at the surface, an observation con-

sistenl with the other available optical data.

It has also been suggested through stellar occuhation measurements

that Ganymede possesses a tenuous atmosphere (Carlson el al. 1973). "]'he

constituents have not been determined nor has the stability of such an at-
mosr_here. An atmosohere with _,rfare nrec_rltr_- ¢_re._le.r lh_n IN-3 m_ s._'_¢

observed during the above stellar occultation. Since no infrared emission

features associated with the atmosphere have been observed, it is perhaps

composed of constituents such as N:, O.,, Ne, or A, which have no dipole
moment.

Panicle impacl at Ganymede is less significant than at the orbils of the

inner satellites. This is perhaps important in explaining the pioneer 10 and
I I data which indicate thai no ultraviolet emissions are associated with

Ganymede. Table V contains a summary of our findings and, using the Pio-

neer ! | data from Day 335, the upper limits of apparent brightness for the
disc are estimated to be -4 kR for _ - 1200 A and - 2 kR for X - 400 ,_.

X. CALLISTO

The photometric observations of Callisto indicate that it,. surface may

consist of high reflectance silicates. Callisto's low density o1" 1-_4 gm_:m -_

would be caused by a relatively minor amount of heavy elements,implying

little radioactive healing: because Callisto was formed at a relatively large

distance from Jupiter, tidal heating may also be small. Further, there is no

strong evidence for water ice at the surface as inferred from infrared ob-
servations.

The charged panicle flux at Callisto is greatly reducecl fromthat at the

inner satellites, and is probably not imponan! in determining the produc-

tion and/or loss of an atmosphere. .

No ultraviolet emission signals were observed from Callisto. Using the

Pioneer I I data at Day 335 given in Table Vi, the upper limit of apparent

brightness for Callisto's disc is estimated to be 9 kR for _, - !_200 A and
7kRforX-400A.
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XI. SUMMARY

The uhraviolel pholomelers on Pioneers'10 and ! 1 have eslabli'shed the

three innermost of five Jovian satellites as sources of optical emissions with

), < 1400 A. Amallhea's apparent hydrogen cloud and possible but uncer-

lain short-wavelength emissions are the least well established of the present

results, and further observations are highly desirable. !o is most certainly

accompanied by a cloud of atomic hydrogen lhaI resonanlly scarlets the

solar L)'man-a al ! 2 16/i,. h is also a source of shorter wavelength emissions,

X < 800 _, lhal could result from the radiative decay of excited No* and

other atomic ions in its near environment, Soft x-ray band emissions of ele-
ments in It's surface layer and radiative decay ofsputtered ions from it's sur-

face also contribute It the detecled short-wavelength signals. Additional

laboralory data are required Io establish whether or not these sources are

significant, however. Signals in this lower wavelength range are delecled

from the surface of Europa as well. Although the origin of Europa's emis-

sions remain somewhat uncertain_ lheir existence underscores the common

characteristic shared by all three of the inner satellites: lhe observed emis-

sions and clouds are associated with a significanl sweeping up of energetic

particles in the Jovian magnetosphere.
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lo's Atmosphere and lonosphere: New Limits on Surface Pressure from

Plasma Models.

T. V. Johnson, D. L. Matson, R. W. Carlson -

Abstract presented at the Division for Planetary Sciences (AAS) Meeting,

#_ustin, Texas April, 1976

We have studied charge particle impact as a mechanism for the

production of Io's ionosphere. Pioneer lO thermal plasma measurements

and magnetospheric plasma models which explain the observed spatial

distribution of neutral hydrogen and sodium atoms in the vicinity of

Jupiter's satellite Io imply electron fluxes of _lO IO cm -2 sec -l. The

_,,_ _ _ I _^
,,u^=_ o,,_ _,,=temperature £'_luueV) of this plasma suggest that electron

impact ionization is the dominant process in forming the ionosphere of

Io. It is found that the surface number density of the neutral species

required to match the observed electron density profiles is _lO 9 cm "3

or less. This value is two orders of magnitude lower than previous

estimates.

This paper presents the results of one phase of research carried

out at the Jet Propulsion Laboratory, California Institute of Technology,

under Contract Number NAS 7-10O, sponsored by the National Aeronautics and

Space Administration.
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Abstract

We have studied charge particle impact as a mechanism for

the production of Io's ionosphere. Pioneer I0 thermal plasma

measurements and magnetospheric plasma models which explain

theobserved spatialdistributionof neutralhydrogen and sodium

atoms in the vicinityof Jupiter'ssatelliteIo imply electron

fluxesof -I010 cm-2 sec-l. The fluxesand the temperature

(-I00 eV) of thisplasma suggest that electron impact ioniza-

tion is the dominant process in forming the ionosphere of ]o.

It is found that the surface number density of the neutral

speciesrequired to match the observed electron density pro-

files h -!09 cm "3 or less. This value is two orders of m_gnitude

lower than previous estimates.

Introduction

Recently, the satellite !o (J I )has been the object of intensive

observational and theoretical studies. Large "clouds" of neutral

atomic species have been observed, not only associated with 1o

but also extending to great distances and removed from the

gravitational influence of the satellite. These include sodium

{Brow.____nn,1974: Trafton et al., 1974), hydrogen (Carlson and

Judt:_e. 1974) and potassium (Mi.inch, 1975;and Trafton, 1975).

An overview of this field is given by Brown and Yun_ (1976)
who review recent 1o observations and some current inlerpreta-

tions of the data.

The question of whether or not 1o also possesses a significant.

gravitationally bound atmosphere has been of g_eat interest in
studying lo-related phenomena. In addition to the intrinsic

interestthai such an atmosphere would have for theories of

originand evolutionofvolatiles,even a very tenuous atmosphere

of _I0-I0 bars(or number density -I010 cm-3) would be suf-

ficientto lherrnalizematerial released from the surface by

charged parliclesputtering while an atmosphere of lessthan

q0-11 bars (or -109 cm-3) would allow virtuallyfreetrajec-

toriesfrom the surface (Matson el at.,1974). In addition,an

atmosphere can act both as a shieldagainstlow energy proton

bOmbardment (e.g.McElrov and Yun[. 1975) and as a source

ofions(Matson el at.,1974).

The possibilityof an atmosphere on lo was suggested over a

decade ago by Binder and Cruikshank (1964) as a resultof post-

eclipsebrighteningobservations. A stellaroccultationby lo in

197l establishedan upper limitto the atmosphere of approxi-

*natel>10-7 bars (Smith and Smith, 1972). The radio occuha-

lahon experiment usinF the Pioneer IO spacecraftshowed that

Io had a well-developed ionosphere with peak electron densities

°f_6 x 104 cm-3 similar to the ionospheres of Mars and Venus

(_., 1974. 1975).

_a_PYrizht 1976 by the American Geophysical Onion.

Relating the observed electron density proFdes lo a neutral

atmosphere has been the subject of recent work. McE]roy and

Yun_ (1975) have presented detailed analyses of various iono-

sphenc models while other ionospheric models have been con-

sidered by V,'hitten et al. (1975)The purpose of this paper is

to examine the consequences of applying recent information

concerning the magnelospheric plasma fluxes to McEIrov and

Yuncfs model which involves charged par'[icle ionization pro-

cesses. The result is that a neutral number density of ~109 cm-3

at the surface is an upper limiI for any molecular or atomic

atmosphere under these conditions.

Plasma Models

Information concerning the characteristics of the thermal

ma_netospheric plasma in the vicimty of io comes from three

sources: 1) observations of the atomic hydrogen cloud, 2) in
sit.._..p.umeasurements made by Pioneer 10 instruments, and 3)ob-

servations of the sodium cloud. Briefly, the limited extent of

the hydrogen cloud requires an ionization process much more

efficient than photoionization, the most like})' process bem,e

charge-exchange ionization by plasma protons. To achaeve the

required ionization rates, prolon fluxes of-109 cm "2 sec'l are

needed, which corresponds to densities of a few tens to hundreds

of particles cm "3, depending on the effective plasma tempera-

ture (Carlson and lud[_e, 1974 see also McDonough. 197:5 and
McElro.v and Yun_ 1975).

Pioneer 10 m s,u measurements have also been used to deter-

mine the characteristics of the magnetospheric plasma. Frank

elat_._._:(1976)used the plasma analyzer data to infer the presenc"'"-_

of a thermal plasma of about !00 eV temperature and about

30 cm "3 density. Sentman et al. (! 976) find that similar plasma

densities are requirr.d to explam electron pitch an.tie scatlering
by whistler mode instabilities suggested by data from the Uni-

versity of Iowa energetic particle detectors (Van Allen el al..

1975). The obsen'ations of very low sodium D-hne emission

intensities at positions near 180 ° from !o in its orbit (M-cy and

Traflon, 1975, Wehin[_er el al., 1976, Mekler and Eviatar, 19_

also require ionization processes at least one order of magnitude

more efficient than photoionization (Trafton and Macy. 1975a).

Carlson et al. (1975) have shown that electron impact ionization

of sodium can produce the required..ionizatmn tale., for plasma

models which are consistent with b0th the hydrogen obser,,a-

hons and the Pioneer 10 data. Traftoh and Maq,' (1975b) suggest
that similar particle fluxes are needed_lo account for yet another

independenl effect: a reported asymmetry in lhe sodium emis-
sion d_stribuhon near Io.

In addition to the above evidence, Brown (1976_ has suj_-
gested the presence of a dense, cool plasma (p-i03 cm-_,

3" _2eV) to explain the obser,'ations of the forbidden lines of

singly ionized sulphur reported by Kupo et at. (1976). This

plasma is cooler end more dense than that inferred by Frank
293
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et al........__We choose for thnspaper to use the plasma characeerisfics

appropriate to the plasma inferred by Frank el al, (see"

Table I, drawn from Carlson el at.. 1975) since these refer to
measurements made in the vicinlly of 1o nmr the lime o[ the

radio occultation experiment and •lso are compatible with the

other lines of evidence dLscus_d above.

Ionospheric Models

McElroy and Yung_ (1975)have examined ionospheric models

hiving • variety of ion sources and sinks.Their two preferred

models axe a mixture of ammoni• and sodium, with photo-

ionization of sodium the dominant ion source (their Model 4)

and an ammonia atmosphcrt with charged particle ionization of

Nq-I3 as the major ion source (their Model 6). The character-
isticsof their Model 6 an: • scale height of 75 Lm, a surface

number density of 3 x 10 I! cm -3 (or• prrssare of-tO "8 bars).

3nd a charged particle flux of 3 x 107 cm "2 scc "! of either

10 keV electrons or 10 MeV protons. McFlroy and Yung dis-

cuss the scaling of their electron density calculations for differ-

ent energies of incident particles. For the 100 eV plasma which

is compatible with the ob_rvational data, their scaling relation-

ships (their Eq. 36 and Fig. 18) indicate electron fluxes of
.1010 cm-2 s_c-l, which is an excellent agreement with the

value in Table 1. The agreement between the two fluxes is

important because the value computed from the atmospheric

model is independent of the flux tabulated in Table 1. The for-

mer depends only upon atmospheric parameters and the ioniza-

tion cross sections, while the latter was found from an inde-

pendent set of observational constraints.
For this energy and flux the corresponding surface number

density required to satisfy the overall characteristics of the

electron prof'de /s 109 cm "3 or • surface pressure of iO.!I

bars. This is two orders of magnitude lower than McEh'oy and

Yung's nominal model. While in our model the energy per

electron has decreased and the flux has increased by nearly the

same •mount, this low density results because the cross sec-

tions for ionization by 100 eV electrons arc more than two
orders of magnitude la_er for most species (i.e. • few x 10"16

cm 2, compared to -10 "!8 cm 2 for energies of 10 keV, see
Kieffer and Dunn, 1966). It is noted that the low energy flux

considered here yields • more severe constraint on neutral

atmospheric density than those found using • lesser flux of

higher energy particles. For the neutral densities involved, the

atmosphere appears as • "thin" target to high energy particles

and their ionization rate is correspondingly much less. This

conclusion is not critically dependent upon the molecular

species present since all of the relevant molecular ionization

and r_combination rates are sire/lax in magnitude.

In order to calculate electron density prol'des we use Eq. (33)

from McEIroy and Yung:

Table I. Plasma Characteristics at the Orbit of 1o

,<,.;o,-,)Ne('I'L 3sa exp(

where Ne(z) " electron density (cm "3) at altitude, z, N(z) •

neutral density (cm -3) at altiit_de, z; N(z) = N(O) exp (-z/H);
o = ionization cross section "(cm2); E = energy;of electro_

(e%r); Ire = unidirectional flux" of electrons (cm-2 see-l) above

the atmosphere; H = neutral', scale height (kin); o - recom-

bination rate constant (cm3 see-l); and 35 = assumption that

on the average 35 eV are required to produce an electron-ion

pair. We take the electron parameters from Table I, Fe " 3 x

109 cm-2 sec-t (unidirectional), E = IO0 eV. For the Pioneer 10

entry occultation data we use H = 75 kin. Values for the dis-
sociative recombination rate coefficient for most molecultr

species art e, _10-7 cm3 see'l; • value of c= = 1.17 x 10-7
cm-3 seg-I fits well for our model. Different values increase

or decrease the electron prof'de slightly or require • small

change in the estimate of the cncrg7 or flux. Figure I shows
the electron density calculated using the above parameters.

The model shown for the entry data has a value of N(O) ¢

= $ x 10 .7 cm-l. Most species have • peak in their ionization

cross section near I00 eV of a few times 10-16 cm2; we use a

range of o = 1-5 x 10-16 cm2 as • reasonable estimate of the
.... _L|_ yd.l iris kl_ t_ . . .pt.'_u_c "'-':";'n d'de '' CO_p.'_.itiO.n.. Thus the neutral num.

bee density at the surface is found to be N(O) = I-$ x 109 cm'3.

The assumed 75 km scale height corresponds to • tempera-

ture of 275 K if the neutral atmosphere is composed of NH3.

For 02 it would be 515 K. A molecular oxygen atmosphere

derived from the photolysis of H20 has been suggested for

Ganymede by Yung and McEIroy (1975) and might also be
considered for 1o. As • consistency check, the temperature

difference between the lS0 K suffice and the region of maxi-

mum heat deposition (assumed to be 0.48 erg/sec cm2 at 75 km
in altitude, Table i) can be used to calculate heating effi-

ciencies. These are on the order of 20% for both mol.ecular

constituents, when thermal conductivities of 5000 and 2000

erg u_c-! see-2 (K/cm)'l are used for NH3 and 02 respectively.

Heating efficicncies of this magnitude are reasonable, iendin$
support to the present ionospheric model. Representative values

for the Earth's atmosphere axe on the order of 30 to 50 percent

(Amayenc el. at., 1975). Similar conclusions about charged

particle heating were reached by McElroy and Yung (their

Fig. 17).
An uncertainty existing in both entry and exit proFdes b

the exact altitude of the peak electron density. Since the diam-

eter deduced for !o from the radio occultation is-75 km larger

than the stellar occultation value (Kliore et al. 1974, 1975;

Taylor et at., 1971; O'Leary and Van Flandern: 1972;
1972) there may be an error of this magnitude in the altitude

Parameter Electrons _. Protons _._.....

Plasma Temperature (kT/e)
T

Plasma I:k--rtsity (n)

Most Probable Speed (v)
Omnidirectional Panicle Flux (nv)

Unidirectional Parlicle Flux ( 116 nv)

Unidirectional Er_rgy Flux ( i/6 kT/e nv)
(I16 kT nv)

I00 . I00 eV

-l.2x 106 1.2x I06K

30 - 30 cm "3

5.9 x 108 1.4 x 107 cm sec-I

l.Sx 1010 4.2x I08 crn-2sec-I

3.0 x 109 6.9 x 107 crn-2sec-I

3.0 x 1011 6.9 x 109 eV cm -2 s_c"I

0.48 I.i x 10-2 erg cm-2 s_ -'i

These values axe appropriate for an observer co-rating with the Jovzan magnetic field. The co-rotation velocity relative to IO

(",'56 kmlsec) is ssuag compared to the electron velocity but not the proton velocity, k=Bo/tz.man constant, e=electron charge-
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F;_ l lo's ionosphere and electron impact iom2.ation

models Solidlinesshow the honeer I0 radio occultataondata

for both the entry aridthe exitelectrondensityprof'des(kqiore

et at.,1975). The symbols plot individualcomputations made

using the model discussed in the text.

scale for either or both profiles. The •ltitude of peak electron

density is primarily affected by the density and cross section

product" the range assumed for o' is sufficiently large to also
include this Wos_b]e error in peak altitude.

The large difference in the electron density profiles for the

enll3' and exit occu]tations (see Fig. l) has been source of

interest in all models (see McElroy and Yun_, 1975, Brown

and Yung, 1976 and Whitten et. •l., 1975 for previous dis-

cusslons). For charged particle ionization the difference has

been •ssociated with differences in charged particle incident

flux (McElroy and Yun[_. 1975) perhaps due to the existence

of plasma sheath effects (see Shawhan, 1976 and Brown and

Yun.t, 1976). Figure l shows a fit to the exit data for H = 25 kin,
Fe= 3 x ]07 cm'2 sec "l and N(O) o = 1.5 x I0"6 cm'l. ]fwe

assume o constant from entry to exit hemispheres tie., a homo-

geneous atmosphere) then N(O)exit = 3 - 15 x 109 cm "3. The

greatly decreased heating from electrons on the exit side in
thismodel impliesthat the atmospheric temperature should be

near the nighttime average of -lOOK instead of the several

hundred degrees K calculatedfor the entry side (McElroy •nd

Yu.._, 1975). This temperature differenceis compatible with
the exit scaleheight of 25 km versus 75 km for entry.Also,

the differencesin the surface number density and scaleheight

combine to produce equal column densitiesat the surface(i.e.

N(O_H) and thereforeequal surface pressure.Of course,there

would be pressure differences at altitude in this case. The

dynamic behavior of such •n atmosphere, heated by both sun

(diurnal)and charged particle impact (with presently •n un-

known spatial and temooral variabilitv) will provide an interest-
ing challenge to investilzators. Finally, we note that since the

COlumn density required for the exit profile is the same (to
within obsen'ationaluncertainties) as for the entry profile,an

trgument in this model can be made against any major atmo-

spheric component being condensable •t lo's nighthme tem-

Peratures.

The above fit 'for the exit data is not, of course, unique. In

Particular the peak electron density and the general rdope of
the distribution can be matched by keeping the electron flux

relatively constant and reducing the atmospheric density (e.g.

a COndensable component model). The simple particle ioniza-

lion model used here would not produce the observed low

altitude maximum in the electron density since the reduced

atmosphere is such a "'thin" target. In • model incorporating

diffusive loss of ions to the surface such a low altitude peak

might be produced even in a thin atmosphere, however.

Discussion

The models discussed above show that for neutral, isothermal,

molecular atmospheres the surface density must be less than a
few times 109 cm "3 for the ionospheric electron density prof'de

to be consistent with the Jovian magnetospheri: plasma elec-

tron densities. What effectsdo these new plasma fluxes have for

other possible atmospheres7 Firs_ pure atomic atmospheres

require even lower neutra/ number densities. Although the ioni-

zation cross sections for most atomic species are the same order

of magnitude as those of molecular species, the atomic recom-

bination rates (radiative recombination) are several orders of

magnitude slower than molecular dissociative recombination.

This produces greater electron densities for the same number

density of neutrals. Second, combined molecular-atomic models

incorporating relatively large amount of sodium, such at

McEJroy and Yun_'s Model 4 also produce too'large an electron
density unless the surface pressure is <10 "1 ! bars since the elec-

tron ionization rate of sodium is greater than the photoioniza-

tion rate assumed for Model 4, while sodium ion recombination

still occurs through the relatively slow radiative recombination

process.
We note that there are significant limitations to both the

available data and the ionospheric models. First, we have only

a "'snap shot" of the ionosphere from the l_oneer 10 radio

occultation data. Such major issues as whether the entry/exit

difference is to be correlated with day/night changes or trailing

side/leading side effects or position in the Jovian magnetosphere

cannot be resolved using only these two profiles. Second, the

models presented by McElroy and Yung and the one used in

this paper do not treat the detailed interaction of lo with the

thermal plasma. In more realistic models, plasma sheaths, cur-
rents in the ionosphere and/or the io flux tube and the possi-

bility of an intrinsic magnetic field for lo must be considered.

Such plasma and magnetospheric effects are related not only

to the production and dynamics of the ionosphere (as sug._ested

here) but also perhaps to the sputtering of atoms from the

surface and the io modulation of the dec•metric radiation. Only

further spacecraft occultation experiments can easily resolve

some of the issues raised above and allow better models to be

tested, it is important that serious consideration be given to

these experiments in planning the upcoming Manner Jupner-

Saturn flights. When these data are obtained they will be used

to test advanced models and will further our understanding of

this unique environment.
Finally, we consider the consequences of these models for

possiblesources for the neutralhydrogen flux.The flux required
to maintain the hydrogen tutus in steady state is 2-5 x 10 l0

cm-2 sex "1 (Carlson and Judge, 1974, 1975). This is approxi-

mately a factor of 20 to 50 above current estimates of proton
influx (-i09 cm "2 sen "l) but it is possible that plasma protons

could provide the necessary source of hydrogen in view of the

uncertainties slill surrounding eft,; interaction of 1o with Jupi-

ter's magnetosphere (see McDonc_u[_h, 1975; Brown and Yung,

1975). If • strong source of hydrogen at 1o is required, how-

ever, McEIrov el al. (1974)and McElroy and Yun_ (I 975)have

maintained that the mosl likely source is photo-dissociation of

a hydrogen bearing molecule such as ammonia. Molecular den-

sities of <109 cm "3 suggested here render this proposed photo-

dissociative source of hydrogen much less potent. However,

tince the major electron-ion recombination process in a

molecular atmosphere is dissociative recombination, there exists

a possible source of atomic hydrogen in models involving a
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hydrogen bearing molecule (e.g. 11"_O, H-S, NH 3) that /s

approximately equal to the elcctron flux (_I0 I0 cm "2 see'l).

This could provide the correct order of magnitude to supply

the hydrogen cloud.

Conclusions

1. Current constraints on the Jovian magnetospheric plasml

densities in the vicinity of Io require electron fluxes of _1010

cm"2 sec"!, which suggests that electron impact ionization by
10-100 eV plasma electrons may be the dominant process for

forming 1o's ionosphere in any neutral atmosphere model. If

p.lasma sheaths exist, they may alter the energy and flux of
incoming particles from those considered here, however.

2. For these fluxes, surface molecular number densites of
less than a few times 109 cm "3 are sufficient to match [o's

observed electron density profiles. A pure atomic atmosphere

would require even lower densities. Both of these density

ranges allow most atoms (such as sodium and potassium) sput-
tered from the surface to reach the c]oud about lo and yet do

not rule out such an atmosphere as a possible source of the

neutralhydrogen cloud.

3. Further radio occultations of 1o are desperately needed

because they supply the strongest constraints for models of

itsatmosphere and ionosphere.
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ABSTRACT

Emission signals from Europa with wavelength ;_ < 800 A were detected by the Pioneer lO
ultraviolet photometer. In the present paper, using improved procedures for data reduction,
we determine the spatial region as well as the intensity of the suggested emission sources. The
observations indicate a cloud with a radius of -,-1.5 Rj (Jupiter's radius) and an apparent
brightness 4_rl of ,-- I0 rayleighs, for a wavelength of 500 A. It is argued that neutral oxygen
atoms, along with neutral hydrogen, are produced through dissociation of water ice on the
surface of Europa by panicle impact. Electron impact ionization excitation of oxygen atoms in the
resulting cloud then gives rise to the observed emission. Using the present source brightness and
cloud radius results, we estimate an oxygen column density of ~ 10 _ cm -2, while the density of
atomic hydrogen is at most 10 _] cm -_ and 1012 cm -2 for molecular hydrogen.

Subject headings: planets: Jupiter- planets: satellites -- ultraviolet: general

1. INTRODUCTION

Clouds of orbiting atoms associated with the
satellites in the Saturnian and Jovian systems were
first suggested by McDonough and Brice (1973a, b).
Their suggestion was based on the fact that atoms
which escape from the atmospheres of the satellites
generally do not possess sufficient energy to escape
the gravitational attraction of the central planet. Since
then, sodium and potassium clouds associated with Io
have been found through Earth-based observations
(Brown 1974; Trafton, Parkinson, and Macy 1974;
Trafton 1975), and a hydrogen cloud has been dis-
covered through Pioneer 10 ultraviolet photometer
observations (Judge and Carlson 1974).

While clouds at Europa have not been previously
identified, the surface of Europa is largely covered by
H20 ice (Pilcher, Ridgway, and McCord 1972;
Kieffer and Smythe 1974; Fink and Larson 1975) and,
like that of Io, is immersed in and impacted by a high
flux of panicles (Frank et al. 1976). Since H20 ice is
dissociated by particle bombardment (Wickramasinghe
and Williams 1968; Brown et al. 1977), atomic oxygen
and hydrogen clouds originating from Europa's surface
seem quite plausible. The production and ionization
of such clouds are considered in this work. From the

oxygen and hydrogen emissions, their abundance in
Europa's cloud can be determined.

n. OBSERV^'nONAL DaTa

Details of the ultraviolet photometer instrument on
the Pioneer 10 and I1 spacecraft have been given by
Carlson and Judge (1974) and Judge et al. (1976). The
photometer has two channels, ;_, and '_L, which are
sensitive to emissions with ;_ < 800 A and ;_ < 1400 A,
respectively. An electronic switch alternately selects

325

one of the two channels eveN' two rolls of the space-
craft. The field of view of the photometer is determined
by a collimator whose optical axis is oriented at a half-
cone angle of 0o = 20._25 with respect to the spacecraft
spin axis. The spin scanning, which has a period of
about 12.5 s, allows one to extract optical emission
features in the presence of a high background signal.

To identify the weak Europa signals, averaging
times of 1 to 2 hours were required. In addition, cycles
with high background or background variation were
excluded from the averaged data. (A cycle of data is
defined as the data accumulated during one complete
rotation of the spacecraft.) For an interval of 1.5 hours
there are N = 216 cycles accumulated for each channel.
An example of the improvement realized by the data
selection procedure is shown in Figure 1. The upper
curve results from averaging all the cycles of data
accumulated during the inter_,al 7.63-9.07 hours, while
the lower curve is obtained by excluding 20 cycles of
data with "high" background variation. The variation
of the background with clock angle in the upper curve
is significant, with differences of background count
rates for different clock angles up to ~35 counts s -_
In contrast, the emission signal is unambiguously
present in the lower curve with a count rate of
,,- 16 counts s- 1.

The A, and At data for the morning of day 333 of
1973 (spacecraft time UT) resulting from the improved
procedures are presented in _ IIa and lib. During
these observations Europa was at a distance of
~ 70 Rj from the spacecraft and was in the photometer
field ofview at a clock angle of 20 °. The clock angle of
the field is measured clock_vise from the ecliptic plane
to the plane determined b)L the viewing direction and
the spin axis (Fig. 2).
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FIG. 1.--A,channel signals at 7.63-9.07 hours of 1973 day 333.The upper curve results from averaging all cycles of data accumu-
lated in this period, while the lower curve excludes the cycles with rapid back m'ound variation.

a) _,Channel Observations

Figure 3 shows the ,_, channel data. The amplitudes
in counts s -a are plotted against the clock angle of the
field of view. The optical signals at ff --- 20 ° appear
above the slowly varying background starting at
3.5 hours and last 7.5 hours. These signals may be
readily identified both by the clock angle at which they
appear and by the half-width of ~ 30 ° which represents
the combined instrument response and data integra-
tion time (Carlson and Judge 1975). It is noted,

however, that some weak signals, such as those in the
period from 4.63 to 5.90 hours, may have a half-width
a little wider than expected, perhaps due to inter-
ference from the background noise.

With the long time average, the background noise
in most cases is small. In general, the amplitude of the
emission signals can be determined to an accuracy
better than 5 counts s -a. The time variation of the

emission signals is shown in Figure 4, along with the
viewing field of the photometer at 7 hours of day 333.
It can be seen that the signal is maximum at 7-8 hours,

FIG. !--The optical axis of the photometer is at an angle eo ~ .20"to the spin axis of the spacecraft-The angle # is the clock
angle relative to the ecliptic. The instantaneous field of view is nominally l ° x 10L
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x PIONEER I0 },$-CMANNEL DATA

---- SOURCE O_" TME SIZE OF EUROPA
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FIG. 4.--Peak values of the A, channel signals and the field
of view of the photometer of day 333. The satellite orbits are
labeled by each satellite's position at 7 hours. The observed
data are compared with the calculated intensities for the
emission from (1) Europa's own disk and (2) from a region
with radius of 1.5 P,_.

corresponding to the time when Europa is near the
center of the field of view. Moreover, as was noted
above, the emission signal at _ ,,- 20 ° corresponds to
Europa's rotational position on day 333. Thus the
source of the emission is clearly from a region around
Europa. Note also that during the early part of day 333
Io is almost directly on the other side of Jupiter from
Europa and is not likely to contribute to the observed
signals. However, the fact that the signal lasts more
than 7 hours indicates that the emissions are coming
from a region much wider than Europa's physical disk.

In order to relate the observed count rate to the
brightness and spatial extent of the source, the
photometer characteristics must be considered. The
count rate of the photometer S(t, _) at clock angle
and time t, due to a uniform emission source extending
from 8_ to 82 in cone angle and _ and 42 in clock
angle, can be calculated from

fO2(n f ¢2(1)s(t, _) o: de A(e, 14, - _l)d_.
" -'e_(l) ,,'el(t)

Here, the limits of integration for 8 and @correspond
to the spatial extent of the emission source, and vary
with time, A((_, Id_ - f_l) is the angular response of the

collimator and attains a maximum value at the center
of field of view, for which O0 = 20.°25 and the half-
width is A0 ~ 0.°5 (Carlson and Judge 1975). To have
a signal detected by the photometer, a significant
portion of the emission source must lie between
19.°75 < 8 < 20.°75.

• The calculated amplitudes at _-= 20 ° for two source
sizes, one equal to that of Europ_(~point source) and
one of 1.5 Rj (or 70 times Europ§'s size), are shown in
Figure 4 with the Pioneer )_, dBta superposed. The
calculated rates for a point source are normalized to
the value at the time t = 7 hours when Europa itself
is in the center of the field of view. It is clear that the
curve for a point source is too narrow to fit the
observed data. In particular, no signal could be
expected to be detected at 9.5 hours if the emission
_ere from a point source, contrary to the fact that a
strong signal of 12 counts s -_, about 0.75 of the
maximum value, is observed at this time. It is also
noted from the observational data that the trailing
side of the cloud has a stronger emissio'n intensity
than the leading side. Thus, to fit this observed
asymmetry, the calculated rates for a source of 1.5 Rj
are normalized and maximized at 7.75 hours, 0.75 hours
after Europa's physical disk left the field. At this time
the 1.5 Rj emission cloud is centered at ~0.5 Rj from
the surface of Europa on the trailing side of the orbit,
and the calculated Function For the cloud fits the

observed data very well. As pointed out by Carlson
and Judge (1975) in their analysis of the Io hydrogen
cloud, an asymmetry arises in the cloud if the source
species are escaping from the satellite surface with
relatively high velocity. Unfortunately, it is not yet
possible to establish a quantitative value for the velocity
of the escaping particles.

b) AL Channel Observations

A preliminary report (Judge et al. 1976) on the '_L
observations indicated that the data for the morning of
day 333 are very noisy and no feature was con-
tinuously present or clearly recognized as an optical
signal. Only an upper limit of 40counts s -a for
Europa's AL signal was given. At present, by selection
of the data and by averaging for longer periods of
time, these data have been improved and are shown
in Figure 5.

From the figures, it mat' be seen that the emission
signals at _ ~ 20", which corresponds to Europa's
rotational position starling at 4.0 hours, are con-
tinuously present throughout the observation period.
However, the background variations in the AL channel
cannot be completely removed. In fact, it appears that
the background counts at negative clock angles are
consistently higher than the average. This mat' be due
to the asymmetry in the interplanetary hydrogen glov_
or the continuous interference from a unidirectional

high energy particle flux. We also note that, according
to the viewing geometry, 8' Sgr, a B3 type star at clock
angle 4, = -45 °, is in the field-of view on day 333.
Thus, the small feature at @ = -45 ¢ in Figure 5 could
be caused by emissions from th_ star.



-160-

I • I l I I s I

p,,,,.

r,") !

I".,.

N

,-, m

t,- _ m

T N_

m O_ -.;

31VW ZNnOD

8

bJ
...J

o_Z

v
0

o 0
_.I

J 0

0

IZ)

I

o

w
J

o_Z

(_)

oo

o
!

8

v

r..

.o
ul

E

o

0

E
ul

I
,,4

_e



-161-

330

Since the background level is not constant, the
amplitudes of the '_L channel signals cannot be
accurately determined. It can be said generally, how-
ever, that the amplitude is about 30 _+ 15 counts s-' at
5 hours, reaches a maximum of 50 _ 10 counts s -a
at ~8 hours, and decreases to 30 +_ l0 counts s -' at
about 1 i hours. Note that the time for the maximum
signal for the '_L channel is the same as for the ,_,
channel, that is, immediately after Europa's disk left
the field of view. Thus the ;_, signals so discussed are
associated with Europa. However, we must note that
since lo's H cloud is quite extended (about 60 ° from
Io's center), and is in the field after .,-11 hours, the
emission features in the latter periods of Figure 5
could include a contribution from lo's cloud.

In short, the '_L channel count rate on day 333 is
about 50 + 10 counts s -a, but the emission region is
at best difficult to estimate, partly due to the large
variation in the background counts and partly due to
possible contamination from lo's hydrogen cloud.

Ill. INTERPRETATION OF EUROPA'S UV EMISSION

Processes occurring at Europa's disk, such as
production of X-rays and bremsstrahlung yielding UV
emissions, have been considered (Judge et aL 1976).
However, they are not efficient enough to produce the
observed brightness of Europa. The present data
indicate that the A, channel emissions come from an

extended cloud around Europa. Among the possible
source species for this cloud, oxygen and hydrogen
atoms, dissociated and released from the surface of
Europa by panicle bombardment, are obvious
candidates.

The oxygen and hydrogen so released escape from
Europa's surface and orbit Jupiter at the orbital
distance of Europa to form an extended cloud• Oxygen
atoms in the cloud can be ionized through removal of
the 2s electrons. The O* ions so produced are either
in the (2s 2p')2p state or the (2s 2p 4) _P state• The
subsequent decay of the :P state gill produce radiation
of A ~ 537A and 58l A and are the most likely
emissions detected by the A, channel. Decay of the ,,b
state will radiate at A ~ 844 A, along with the 537
and 581 A lines, and all will be detected by the At
channel. In addition, O n 1034 ,_ emissions resulting
from excitation of atomic oxygen to the O(2s:2p33s)3S
state, will also be detected by the A, channel. Resonance
scattering ofthe solar Le line at 1216 A by H atoms in
Europa's cloud may also contribute to the observed
At signal.

In the following sections we will discuss the
mechanisms for the production, ionization, and excita-
tion of the cloud of Europa. The contributions to the
observed signals from each of the possible oxygen and
hydrogen emissions will then be estimated.

First we estimate the proton and electron flux in
Europa's environment.

a) Proton and Electron Flux

Europa is only 9 Rj away from Jupiter and. like Io,
is immersed in an intense Jovian radiation belt. The
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FIG. &--Observed electron flux near Europa

proton plasma density in the vicinity of Europa is
10 cm -3 with a typical energy of 400 eV (Frank et al.
1976), and the corresponding proton flux is ,--3 x
l0 s cm -= s -I (about a factor of 3 less than that at Io).

The electron plasma density has not been measured
hilt c':_n hP pctim_tP_ in tsJk,/% u,_t,./¢ tl_ Aee,,m;n. _k....

neulrality for the plasma and equal proton and electron
energies, the electron flux is estimated to. be 1.2 x
10_° cm -_ s -a. if the plasma includes some heavy ions
such as S" (Kupo, Mekler, and Eviatar 1976) and
O _, the actual electron flux could be a little larger.
(2) On the other hand, the integrated flux for high
energy electrons has been measured extensively (Fig. 6).
For electron energies less than 1 MeV, the integrated
flux is well fitted by an E -_c power lab, with K ~ 1.2.
Extrapolated from this poger lab,, the electron flux at
energnes < I keV is estimated to be of the order of
10_°to l01acre -_s -a

In the following calculations we will then use the
value of 3 x 10 s cm -_ s -_ as the proton flux density
and 5 x 10cm-:s -_ as the electron flux density in
the vicinity of Europa, with both having an energy of
400 eV.

As will be argued, the extended atmosphere of
Europa is produced through sputtering of H:O ice at
Europa's surface by proton, heavy ion, and possibly
electron impact and. the observed UV radiation from
Europa is produced through electron excitation of
Europa's cloud.

b) Production Mechanism for Europa's Cloud

Most of Europa's surface is known to be covered by
H:O ice. The average surface temperature of Europa is
estimated to be 120 to 130 K (Morrison and Cruik-
shank 1974) while the ice temperature is only 95 _ 10 K
(Fink and Larson 1975). The relatively lob tempera-
ture for the ice has been attributed to the higher albedo
for solar radiation of ice relative to the rest of the
satellite (Fink and Larson 1975).-However, according
to Gross (1975), the observed brightness of ~ 125 K
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can be explained only if Europa's surface is heated by
energetic panicles in addition to solar radiation. Thus
the low ice temperature also implies that the H20 ice
is a relatively poor absorber of the energy of impacting
panicles. Since H20 molecules.can be sputtered from
the surface, it is likely that most of the impacting
energy is dissipated through sputtering of H20
molecules from the surface rather than beating of
H20 molecules in the ice mantle.

Europa's resulting atmosphere is likely to be
tenuous, consisting primarily of 02 with a column
density of _< l0:7 cm -_, assuming a value similar to
that suggested for to (Johnson, Matson, and Carlson
1976). And, since the stopping cross section of an 02
atmosphere is i0 -:6 cm 2 eV for protons with energy
,-- 100 eV (Davidson 1965) and < l0 -as cm 2 eV for
electrons with energy greater than l0 keV (Green and
Peterson 1968), the presence of an 02 atmosphere
cannot stop the protons with energy ~400eV or
electrons with an energy greater than I0 keV from
bombarding the surface.

The probability of sputtering H20 by protons is
high because of its low value of crystal binding energy
(Wickramasinghe 1967). In addition, H20 molecules
can be removed from the ice mantle through chemical
reactions with the colliding atomic hydrogen through
prc_____¢e_ _11ch at

H:O + H* --+ H20* + H
and

H:O + H_OH + H=.

The reaction products are in the gas phase and no
longer bound in the ice mantle. (Note that the above
processes involving H and H ÷ have been suggested
by Wickramasinghe and Williams 1968 as a mechan-
ism for destroying the ice grains in H I, regions.)

The sputtering yield of ice by MeV protons has been
measured recently by Brown el ai. (1977) and found
to be about 1 molecule per ion. For key and lower
energy protons, the sputtering yield of ice has not
been measured but is expected to be larger, since
lower energy panicles will penetrate less deeply into
the ice mantle. Several measurements on the sputtering
of solid targets by ion bombardment (see, e.g., Caner
and Colligon 1968), indicate the sputtering yield of
keV ions can be an order of magnitude larger than
that of MeV ions. With a proton flux of ~3 x 10'
cm-= s-1 the rate of removal of H20 molecules from
Europa's surface could be 109 to 101° cm-= s -a.

As was noted, Europa's surface is bombarded not
only by protons but by energetic electrons as well.
These electrons can also sputter and dissociate HaO
through processes such as

e+ H=O-_e+ OH + H

--_e+ H2 + O

--+e+H+H+O.

Since the electron flux on Europa is ~ 109 cm -2 s -a
for E >_ l0 keV (Fig. 6), the total energy input for
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electrons is ___l0 :a eVcm -2 s -_ and is quite large in
comparison with the proton plasma energy of
,_10_leVcm-2s -1. Hence the removal of H20
molecules from Europa's surface by high energy
electron impact might also be significant, even though
the efficiency of removing HaO molecules through
electron impact is undoub:tedly small compared with
proton impact. Laboratory data are required to
establish whether this postulated physical process is
important. In addition, hea_vy panicles such as O and
O ÷ also participate in the bombardment process, and
panicles removed from Europa's surface can reimpact
the surface. Such processes will increase the sputtering
rate. Thus it appears that a rate of 5 x 101° cm -a s -1
for removing HaO molecules from Europa's surface
layer may not be unreasonable. As will be seen, this
rate corresponds to the O atom supply rate required
to be consistent with the loss rate of O atoms in
Europa's cloud, as estimated from the UV observa-
tional data.

It is noted, for an ice temperature of ~95 K, that
the evaporation rate is only about 3 x 10 a molecules
cm -2 s -1 (Watson, Murray, and Brown 1963), and is
very small in comparison with the removal rate by
impacting panicles. The loss of ice molecules due to
evaporation is thus a negligible process.

Th_ nrnrhlrl cr_,r_P_ rF._ldting frnm _mr_2e-t rc_ll_¢_r_n

processes are H, Ha, O, and OH, in addition to H20
molecules. The H and Ha species cannot accumulate
significantly in the atmosphere of Europa. This
follows from the fact that the most probable velocities
for H and Ha at a temperature of T = 300 K are 2
and 1.5 km s -1, respectively, and are comparable to
the escape velocity at Europa of ~2 km s-a. Hence
the thermal escape of hydrogen from Europa should
be very efficient, since the exobase temperature of an
atmosphere of a planet or satellite (for example, Io)
is usually several hundred degrees above its surface
temperature. With a surface temperature of 125 K,
an exobase temperature for Europa of 300 K or higher
is quite plausible.

The other dissociation products of H:O, such as
OH and O, will mostly recombine in Europa's lower
atmosphere to form stable O2 molecules through colli-
sion processes (e.g., Young and McElroy 1977). The Oa
molecules so produced will accumulate and result in
an Oa atmosphere, since thermal escape for O2 is not
efficient. The O2 molecules will then be dissociated or
ionized by electrons in the following processes:

e+ Oa--*O + 0 ÷ + 2e

--*0: + +2e.

The recombination of 0=* with ionospheric electrons
(On ÷ + e-+ O + O) would also produce O atoms.
Most of the O atoms thus produced would have
kinetic energy larger than 0.35 eV, the thermal escape
energy for O atoms at Europa's surface, and could
escape from Europa if their velocities were directed
upward. They are, however, along with H and Ha,
bound by Jupiter's gravitation field and form oxygen
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TABLE !

PHOTOSE._SmvrrY (counts photon -a)

Wavelength (_,) 537 or 581 833 1216 1304

_, channel ........ 0.026 1 x 10 -s 10 -s 10 -s
A= channel ........ 0.026 0.044 0.012 0.0058.

.

and hydrogen clouds at Europa's orbit. The rate at
which O atoms are supplied to the cloud through this

process is assumed equal to the electron flux density
times Europa's surface area, that is,

_(5 x I0a° cm -2 s-x) x (4,rRz_.,_2) .,.I02s s-x .

(Note that similar processes, such as electron dissocia-

tion of hydrogen-bearing molecules, have been sug-

gested by Johnson et al. as a source of H atoms for
Io'scloud.)

c) Excitation Rates for Europa's Cloud

Once created in the cloud, the oxygen and hydrogen

species will be excited by Jovian plasma and solar

photons and can emit radiation in the UV range to
which the photometer is sensitive (Table 1).

As was noted earlier, the observed A, channel

emission is mainly due to the O n 537 and 581 A lines

and the Az emission is due to the O n 833 A lines,

O ! 1304 A, and hydrogen La 1216 A line, in addition

to the O n 537, 581 _ lines. The emission of H La

from Europa is expected to be resonance scattering of
the solar La line, as was observed at Io (Carlson and

Judge 1975), with a rate of 10 -4 s -a atom-L The

oxygen excitation rates due to solar radiation, protons,
and electrons are estimated and shown in Table 2. As

can be seen, electron excitation is the most important

excitation process, with a rate of 6 × 10 -7 .3-1 atom -a
for the O n 537 and 581A lines, l.3 × 10-es-aatom-a

for the O n 833 A line, and 5 × 10 -7 s -a atom -a for
the O ! 1304 A line.

Using these estimated rates, along with the Pioneer

observational data, we can then estimate the abundance
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of oxygen and hydrogen in the cloud, as indicated in
the next subsection.

d) Abundance of Atomic Oxygen and Atomic

and Molecular Hydrogen near Europa

The A, channel emissions, as noted earlier, appear
to be from a disk of 1.5 Rj approximately centered at

Europa. At a distance of 70 Rj from Europa, the

detected count rate was 15 counts s-a, corresponding

to a cloud brightness of 4nl _ 10 R. This emission

was argued to be the O 11 537 and 581 A lines from an

oxygen cloud surrounding Europa, with an excitation

rate of g= 6 x 10 -v photons s -_. The column

density of the atomic oxygen cloud then is D =

4rrl/g _ 10:3 cm -2, with a total number in the cloud

of N ,_ (1.5 Rj)2D _ 1033 atoms.

If the same emissions are being observed in the At
and A, channels, i.e., the OII 537, 581,833, and Ol 1304

lines, then according to the photon sensitivity ,(Table 1)

and the excitation rates (Table 2) the count rate in the

At channel should be ,--4.7 times the count rate in the

A, channel. With the observed A, signal of 15 counts s- a,

the count rate in the At channel is expected to be

70 counts s-a and is close to the experimental value
of 50 counts s-a

Considering ti_at the cross sections used in the

calculation are not very accurate (mainly because the

cross sections are dependent upon electron energy, and

the exact electron energy is unknown), the near agree-

ment is quite acceptable and consistent with the atomic

oxygen source suggested above.

Thus, the observed At emissions may all come from

atomic oxygen ions and atoms, while the possible At

TABLE 2

EXCITATION/EMISSION RA'r'._ FOR OXYGEN LINES

Flux Cross Section (cm _) Excitation Rate Reference for
Particle (cm -2s-a) orf-value (s-x) Cross Section

O n 537, 581 A,:
Photon(100< _< 300A) ..... 5 x 10j*
Electron ...................... $ x 10 to
Proton ....................... 3 x 10a

O 1 833 A line:
Photon (200 < _ < 420 A) ..... 8 x 10j*
Electron ...................... .5 x 10 to
Proton ....................... 3 x 10_

O Iq304 A line:
Photon (a -- 1304 A) ........... 4 × 10 _*
Electron ...................... $ × 10 ae
Pl'oton ....................... 3 × l0 a

<9 x 10 -20 <5 x 10 -xa
1.2 x 10 -a_ 6 x 10 -_

10 "aT 3 x 10-'

<7 x I0 -22 <6 x I0 -at
2.6 x I0-17 13 x I0"7

I0-17 3 x I0-'

0.046 3 x 10-'t
10 -17 5 x l0 -7

< 10 -a' < 10"

Dalgarno et al. 1964
Peach 1970
Gry'zinski 1965

Dalgarno et al. 1964
Peach 1970
Gryzinski 1965

Lawrence 1969
Julienne 1976
Gryzinski 1965

All the photon flux data in this table are from Hinteregger 1970 and Hall and Hinteregger 1970.

The excitation rate is calculated from g = ,,FA(a2/AaXne_lrn,ca)f, where AA is the emission-line widt_ for the O I 1304 A line
and is 0.26 A (Bruner and Rense 1969).
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contribution due to resonance scattering by a Europa
H cloud may be minor. An upper limit to the resonance-
scattering contribution by atomic hydrogen may be
assumed to be -,-10 counts s -a. With an excitation
rate of 10-' s -a and an assumed cloud thickness of
,--1 Rj (similar to Io), the H _tom column density is
at most I0" cm -2

The abundance of molecular hydrogen in Europa's
cloud cannot be obtained directly from the present
measurements. It can be inferred, however, and is
•,-10a=cm -2, as will be shown in the following
subsection.

e) Cloud Geometry and Loss

The lifetime of oxygen and hydrogen atoms in the
cloud is determined by their ionization rate. Follow-
ing ionization, the atoms are swept a_ay from Europa's
vicinity by the Jovian magnetic field. The ionization
rates of oxygen for different processes are summarized
in Table 3.

From Table 3 we see that photoionization is the
least important loss process, while electron ionization
is the most important process for an oxygen cloud.
Proton ionization, because of its high cross section
for change transfer, contributes part of the oxygen
loss. The loss rate for oxygen in Europa's cloud from
all processes considered is then ,,, 10 -5 s-L Since the
number of atomic oxygen atoms in the cloud is
~ 1033 atoms, the number of O atoms lost from the
cloud each second is _ 1028 atoms s -1 and is equal to
the previously estimated rate at which O atoms are
supplied to Europa's cloud, as expected.

The cross section for ionizing H atoms through
electron impact at E = 400 eV is 3 × 10 -17 cm 2 (Lotz
1967) and 2 x 10-15 cm 2 for proton impact (Fite et al.
1960). With an electron flux of ~ 5 × 10a° cm -2 s-_
and a proton flux of ,--3 x 108 cm -2 s-_; the ioniza-
tion rate of H in Europa's cloud is ,,-2 × 10 -e s -1
and the corresponding lifetime is 5 × 105 s. It is noted
that the lifetime of H atoms in lo's cloud is about
2 × l0 s s, while the hydrogen torus for Io is about
120 ° (Carlson and Judge 1974). I f the escape processes
for hydrogen atoms from Io and Europa are the same,
the calculated lifetime of 5 × 10 _ s would imply that
the hydrogen torus in Europa's cloud extends about
300°around Europa's orbit. With the previouslyderived
upper limit to the column density of ,,- 10 Hcm-= and
a thickness of ~ 1 Rj, the maximum total number of
H atoms in the cloud is then ~ 103= atoms. With the

ionization rate of 2 × 10 -6 s -a, the loss rate of H

atoms from the cloud is ~ l02e atoms s -a, or 100 times
lower than the supply rate of oxygen from Europa's
surface.

In a steady state, the loss rate of hydrogen from the
cloud should be equal to the supply rate of oxygen
from Europa's surface, since hydrogen and oxygen are
both produced through dissociation of water. Thus,
the low ionization loss fate for atomic hydrogen,
together with the observed _eak resonance emission,
suggests that a large portion of the hydrogen from
Europa's surface is in the form of molecular hydrogen.
Similar to atomic hydrogen, Ha molecules could be
formed through the dissociation of H20 and easily
escape from Europa's surface to form a Ha cloud,
with the principal loss mechanism again being electron
ionization.

For an electron ionization cross section of 5 x
10 -aT cm -2 (Gryzinski 1965) and an electron flux of
5 × 10a° s -a, the ionization rate for molecular Ha is
estinsated to be 2.5 × 10 -6 s -a molecule-L To have
the loss rate of 102° s -_, the total abundance of H2
molecules in the cloud must be 4 x 1033 molecules.
With the same procedures as for the H cloud, the total
angular extent of a H2 cloud is estimated to be about
200 °. Assuming the cloud thickness is ~ 1 Rj, the H2
density in the cloud is then ~ 10 t2 cm-L

The photometer on the Pioneer 10 spacecraft
detected UV emissions from an extended region of
radius ~ 1.5 Rj centered approximately at Europa. The
apparent brightness is ~ 10 rayleighs, for a wave-
length of ~ 500 A. The emission source species have
not been unambiguously identified, but have been
argued to result from the radiative decay of electron-
excited oxygen ions. The contribution of hydrogen La
lines to the UV emission seems to be insignificant.
Neutral oxygen and hydrogen clouds most probably
originate from Europa's surface, produced from the
dissociation of H20 molecules by p.article bombard-
ment. The resulting abundance m the cloud is
1013 cm -2 for atomic O, _<1011 cm -2 for atomic H,
and ~ 1012 cm -2 for molecular H2.

Since the analysis here is based on one day of
observation, the variation of Europa's UV emission
with time or orbital position has not been established.
The answer to this may not be available until further
spacecraft probes of the Jovian satellites are available.

Besides Europa, Ganymede and Callisto are known
to be covered mostly by water frost. However, no

TABLE 3

THE LOss RATE FOROXYGEN ATOMSAT EUROPA'S C'_UD

Flux Cross Section Ionization Rate Reference for
Particle (cm- a s - x) (cm 2) (s- a) Cross Sections

Photon* (300< ;t< 800A) ...... 8 × 108 l0 -a_ 8 × 10" Cairns and Samson 1965
Ele_-tron........................ 5 x l0 ,_ 1 x 10 -ts 5 x 10 -° /; Lotzt967
Proton ......................... 3 × 10_ 2 x 10 -_ 6 × 10 -_ Stebbingsetal. 1964

" The photon flux is from Hinteregger 1970 for solar radiation from 300 < A < 800 A. For photons outside this wavelenglh
range, the cross section for photoionization is very small and need not be considered.
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extended UV radiation from those satellites has been
observed (Judge et al. 1976), despite the fact that they
are larger than Europa. It is perhaps significant that
the energetic particle flux and plasma density near the
orbital positions of Ganymede arid Callisto are at
least a factor of 10 less than that at Europa or Io
(Van Allen 1976; Frank et al. 1976). These facts
support the argument that cloud formation and

subsequent UV emissions of the extended clouds result

from the interaction of these satellites with the particle
flux in their environments, with solar ultraviolet

irradiation being important only for La resonance

scattering by atomic hydrogen.

This work was supported b2_-contract NAS 2-6558

with the NASA Ames Research Center.
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ABSTRACT

The heating of inflowing interstellar gas by solar electrons is calculated. In the present work
it is assumed that the thermal energy of the electrons is constant with distance from the Sun and
that the inflowing gas follows Keplerian trajectories, and the contours of constant temperature
so obtained are given. At a heliocentric distance of 1 AU the estimated temperature is 500 K
upwind and 2000 K downwind for hydrogen atoms, and is 240 K downwind and 100 K upwind
for helium.

Subject headings: interplanetary medium --interstellar: matter -- Sun: solar wind

1. INTRODUCTION

Recently a temperature measurement by Bertaux
et al. (1976) has given direct evidence that inter-
planetary hydrogen in the vicinity of the Sun is in
fact hot, with a temperature between 5800 and
13,000K. However, the temperature so measured
cannot be identical to the temperature of interstellar
matter unless solar wind heating of the interplanetar 7
medium is negligible.

Both solar protons and solar electrons can transfer
kinetic energy to hydrogen and helium atoms in
interplanetary space through elastic collision processes.
Proton heating of the interplanetary medium has been
discussed by' Wallis (1973, 1975), Fahr and Lay
(1974), Fahr {1974, 1978), and Holzer (1977), and it
is estimated that the gas temperature from such
heating could increase by' several hundred or perhaps
several thousand degrees at a distance of i AU. How-
ever, electron heating of the interplanetary medium
has not been considered. In this paper, we bill shot
that, because of the high electron flux and high
collision cross section, electron heating can be
significant.

First we discuss the data relevant to solar electrons
and derive the equations that express the temperature
as a function of position. Then we present the tem-
perature distribution of the interplanetary medium
due to electron heating. Finally, the significance of
temperature in determining the interstellar parameters
is discussed.

I1. SOLAR ELECTRONS

Electrons in the solar wind at a distance of I AU
- are observed to have a number density of 10 cm-a;

96% of the electrons have a thermal energy of 10 eV
and 4% an energy of 60eV (Feldman et al. 1974,
1975). For 10eV electrons, the average thermal
velocity is 2 x 10'cm s -a and for 60eV electrons
the velocity is 4 x 10ecru s-L Thus the thermal
electron flux at 1 AU is 2 x 10ecm-2s -_ and

1045

2 x 109 cm-= s -a for 60 and 10 eV electrons,
respectively.

The above-measured electron energy at 1 AU may
change with distance. According to Mars 3 space-
craft measurements (Gringauz and Verigin 1975), the
electron temperature between I and !.5 AU varies as
T, _-r -a'2. For distances greater than 1.5 AU no
direct experimental measurements are available.
However, it may be noted that the tfieoretical models
of Leer and Axford (1972) and Axford (1972) predict
an electron temperature at 1 AU of 40eV _ith
7", ocr -4'_ far from the Sun. On the other hand.
Wallis (1973) has argued that because of cosmic-ray
modulation and neutral gas interaction with the solar
wind, the electron temperature can rise to 20 eV and
above at r > 10 AU. Thus, since experimental meas-
urements at distances greater than 1.5 AU are not
available and theoretical estimates may be over-
simplified, _e will assume that the electron energy is
independent of distance and adopt the values of
Feldman, et al. (1974).

I!!. TEMPERATURE INCREASE

A neutral gas moving through the solar system will
encounter collisions with solar electrons. The amount
of average energy gain by the neutral gas for each
elastic collision with an electron is (e.g., McDaniel
1964)

AE = _ E, (1)
11,'/

where m and M are the electronic and atomic masses,
respectively, and E is electron mean energy. Hence the
amount of energy gain at a distance r per second can
be expressed as

#oro:
P--_T'

with
#o= F_,,_,E_ + ]:=o=_E_. (2)
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TABLE 1

RATE OF ENERGYINCREASE,_o

Vol. 225

HYDROGEN HEL.n.TM

ELECTRONFLUX
ENERGY E (eV) (cm-' s"I ) • a(10-3'cm-=)* #o(eVs-a)* _10-a'cm-2)* #o(eVs-x)

10 ............... 2 x 10j 4.6 1.0 x 10 -s 4.6 2.5 x 10-*
60 ............... 2 x 10e 0.2 3.0 x 10 -1° 0.9 : 3.0 x 10 -le

Sum ........... 1.0 x 10 -s 0.28 x 10 -s

" The cross section for helium atoms at E = l0 eV is from Milloy and Crompton (1977), while the c/.oss sections for helium
atoms at E = 60eV and hydrogen atoms at E = 10 and 60 eV are calculated from the formula

e(E) = 2. J_(l - cos 8)_E, e) sin ede.

Here, o(E, 6) represents the differential cross sections measured by McConkey and Preston (1975) and Srivastava and Trajmar
(1976) for helium atoms and by Williams (1975a, b) for hydrogen atoms.

Here we assume that the electron flux is proportional
to r -2. The quantity fl0 is the energy transfer rate at
re (1 AU) due to the two groups of electrons with
thermal energies of 10 and 60 eV. F2 and F2 are the
flux densities and a_ and a 2 are momentum transfer
cross sections for 10 and 60 eV electrons, respectively.

The rate of energy increase for H and He atoms is
calculated and summarized in Table I. From the table
it is clear that the energy transferred to the atoms is
mostly from i0 eV electrons, with less than 10_/o of
the energy from 60 eV electrons. The resulting transfer
rate is 1.0 x l0 -aeVs -a for H atoms and 0.28 x
l0 -8 eV s -] for He atoms at a distance of l AU.

Since the elastic cross section decreases as the
electron energy increases [at i0 eV, o(H) .,- E -1.* and
o(He) --- E-° el, the energy transfer rate fl (.,.E l.s o)
is not very sensitive to electron energy variation. Thus
the assumption that the electron energy is constant
with distance is not an important source of error in the
present estimate of the interplanetary gas temperature.

Since the energy increase of the inflowing neutral
atoms in a time period dt is _dt, the total temperature
increase in time t' is

2 f_' 2_0r02 j.r dtT=-__ fldt = _ ./0 _' (3)

where K is the Boltzmann constant. For a central
force, the angular momentum of the neutral atoms
is conserved,

b Vo = r 2dO/dt. (4)

Here Vo is the inflow velocity, and b is the value of
the impact parameter at position (r, 0) (Axford 1972)
and is given by

ba.2 = Mr sin 0 _+ [r 2 sin 2 0 + 4r(1 - cos O)/c]Ua},

(5)

where c = Vo2/(l -- iz)GMs, _ is the radiation pres-
sure to the gravitational force, Ms is the mass of Sun,
and G is the universal gravitational constant.

Substituting equation (4) into equation (3) and

completing the integration, we can then write the
temperature equation as

{(a/TVo)[(= +_ (0 - ,r)]} a
r = (1 - cos O)/c + (-/TV0)[= 4- (0 - ,r)] sin 0" (6)

Here = + (0 - =) is the angular change in radians
of the inflowing interplanetary gas, where the plus
sign is for b > 0 and the minus sign is for b < 0,
and the parameter ,, = 2floro_/3K.

In the above derivation it is assumed that the in-
coming trajectory of neutral atoms is a hyperbola and
will not be disturbed by collisions with solar wind
particles. This is justified, since the superposed
thermal velocity components of the atoms will cause
only a random velocity dispersion, and will not change
the average speed and direction of their motion.

IV. TEMPERATURE DISTRIBUTION

By using equation (6), the temperature distribution
of interplanetary H and He atoms, resulting from
electron heating, can be calculated as long as the
values for the parameters V0 and /_ are given. In the
following calculations, we will choose Vo = 20 km s -z
(Adams and Frisch 1977; Freeman et al. 1976; Fahr
1974) as the velocity of the inflowing gas with/z = 0.8
for hydrogen and/_ = 0.0 for helium. Since the solar
La flux and hence the radiation pressure depend on
solar activity, a nominal value of/_ was chosen cor-
responding to a La flux of 2.6 x 10 Hem -as -z A -z.

As was noted earlier, for every position (r, 0), there
are two possible temperatures (Tz, T2) corresponding
to two possible impact parameters bz and b2. The
probability of detecting 7"1,T2 depends on the number
density ratio Na/Nz at position (r, 0). The ratio
N2/Nz can be readily determined from the result
(eq. [54] by Axford 1972) to be

= expt--V?o ib- • (7)
Here fl, is the ionization rate/and has the values
6 x 10 -7 and 6 x 10 -Ss -a for H and He atoms,



-i68-

No. 3, 1978 ELECTRON HEATING OF INTERSTELLAR GAS 1047

C0eVTO_qS 0_ £OUAk

T(NP(RaT LIR[ FO4_

_'r _OC_N

K30C 2_0";( "

12 • 6 • ; 4 6a,IJ

FIG. l.--Equal temperature contours for neutral interplanetary hydrogen with _ -- 0.8, V0 = 20 km s- a. The Sun is located
at the center of the diagram. The downwind direction is along the negative X-a._ (0 = 180°).

respectively. In the downwind direction (0 = 180 °)
b_ = ha, and N2/N2 = 1. As the angle 0 gets small,
the ratio decreases. For H atoms, the ratio falls off
quickly and is about 0.1 at 0 = 175 ° and is already
negligibly small (<0.02) at 0 = 170 °. For He atoms
however, the ratio decreases slowly. For example, at
1 AU, the ratio Na/Na is 0.3 at O = 140 _ and ,-,0.05
at 0 = 90 °.

Thus it appears that for H atoms we need discuss
only one temperature distribution 7". For He atoms,
however, two temperatures Ta and I"2 are required
to describe the distributions.

a) Hydrogen

Figure 1 shows the equal temperature contours for
H atoms. It is clear that the temperatures increase as
the hydrogen gets closer to the Sun, the source of
heating. The contours also show long tails in the
downwind direction, indicating the hottest region.
Downwind the temperature is 600 K at I I AU and
continues to increase as r decreases. In the upwind
direction the temperature is less than 500K for
r > 1 AU. This temperature asymmetry results simply
from the different amount of time available for
interaction in the upwind and downwind directions.

At the orbit of the Earth the hydrogen temperature
due to electron heating is about 500 K in the upwind
direction and about 2000 K downwind. It is interesting
to compare these temperatures with the temperature
resulting from proton scattering. The results are given
below.

Proton heating of hydrogen has been discussed by
Fahr and Lay (1974). Fahr (1978), Wal]is (1973, 1975),
and Holzer (]977). Fahr (1978) estimated that the
temperature increase at 1 AU from proton heating
should be 2600 K upwind and 7000 K downwind. On
the other hand, from Wa]]is's (1975) formula, we
estimate that the temperature increase due to proton
heating is about 270 K upwind and 1300 K downwind
(for _ -- 0.8, V0 = 20kin s-a). Recently, Holzer
(1977) has determined that the temperature increase

is less than 300K for r _< I AU. Obviously, the
amount of heating depends on the collision cross
section chosen, as has not yet been unambiguously
deterrnined.

It may be noted that, because of charge exchange
and photoionir_fion processes, the _eu,.ra] hydrogen
densities are depressed in the vicinity of the Sun.
However, the interplanetary temperatures reported so
far have been inferred directly or indirectly from
obserwations of the interplanetary glow. The impor-
tance of the gas element in determining the inferred
interplanetary gas temperature depends not only on
its density n but also on its volume emissivity Q. For
hydrogen, the volume emissivity is proportional to
n/rL Thus at small heliocentric distances, even though
n is small, radiation from the heated gas can still be
significant.

Using Blum's density equations and parameters
(Blum, Pfleiderer, and Wulf-Mathies 1975), the maxi-
mum emissivity in the downwind direction occurs at
about 1 to 2 AU at solar minimum and 4 AU at solar
maximum. For the upwind direction, the maximum
Q is also very close to the Sun, occurring at r = 2 AU
or less. Therefore the temperature increase ofhydrogen
near the Sun is a significant effect and should be
included in models of the interplanetary medium.

b) Helium

As noted, there are two temperatures Ta, 7"2
associated with neutrals in interplanetary space corre-
sponding to two different impact parameters, b_ > 0
and b2 < 0. For hydrogen, the possibility of observing
two temperatures is negligible for most regions. But
for helium atoms and O > 90% the probability of
detecting T2 is not small. In Figures 2a and 2b, _'e
thus show two sets of temperature contours for He
atoms with Vo = 20 km s -a.

Comparing the two figures, we note that in the
downwind direction temperatures T: and T2 are equal.
But in other directions, T2 is higher than Ta. The
difference between ira and /'2 at 1 AU and 0 = 90 °
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FIG. 2.---{a) Equal temperature contours for neutral interplanetary helium with _ -- 0 and F0 -- 20 km s- _ for impact param-

eter b_ > 0. (b) Equal temperature contours for neutral interplanetar) helium with _ = 0 and Vo = 20 km s- _ for impact parameter
b2< 0.

is about 200 K, with the temperature 7"2 being higher
because of the longer interaction time for the indirect
trajectory b2.

It is clear that the temperature increase for He atoms
due to electron heating is not as high as for H atoms.
For hydrogen, the temperature can increase to 600 K
at a distance as remote as 11 AU. But for helium,
the temperature increase is less than 150K until
• < 2.5 AU, primarily because of the lower energy
transfer rate,/_ (Table 1).

At Earth orbit, the present results indicate a tem-
perature increase for helium due to electron heating
of about 100 K upwind and 240 K downwind. And,
accordin.g to Wallis (1975), the corresponding tem-
perature increase due to proton heating is about 250 K
upwind and 1100 K downwind. Thus electron heating
may be a factor of 3 to 5 smaller than proton heating.

V. SUMMARY ANrD CONCLUSION

The energy transferred from solar electrons can
increase the temperature of inflowing H gas at 1 AU
by 500 K upwind and by 2000 K downwind, while

for helium electron heating is less significant, pro-
ducing a temperature increase at 1 AU of about
240 K downwind and 100 K upwind. It should be
noted, however, that the actual temperature to be
realized depends considerably on the rather poorly
known low energy electron density at distances
>IAU.

In the present calculation, we have assumed that the
radial flow velocity for solar electrons is constant.
Thus the electron density is proportional to 1/rL But
it is likely that the bulk flow velocity of the solar wind
is decreasing with heliocentric distance because of the
presence of ions of interstellar origin which can
exert a frictional force on the solar wind flow (Wu
and Hartle 1974; Thomas 1978). In such a case, the
electron density should decrease more slowly than
I/rL Moreover, electrons of Jovian origin, electrons
from ionized interplanetary atoms, and the possible
presence of electrons from the nearby interstellar
medium would also increase the electron density and
thus the heating of interplanetary gas in the solar
system. Further, it has been suggested (e.g., Thomas
1978) that there is a region outside the heliosphere
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consisting of hot solar wind plasma analogous to the

Earth's magnetosheath. Thus the possibility that

inflowing interstellar gas is heated as it passes through
the heliospheric boundary must also be considered.

It is clear, however, that, solar electron heating

produces a temperature asymmetry in which the

inflowing atoms are coldest in the upwind direction

and hottest in the downwind direction. Thus a map

of the interplanetary temperature distribution can

determine the direction of the inflowing gas. More-

over, since the Sun is the source of heating, the
temperatures of both hydrogen and helium increase

significantly in its vicinity. A knowledge of the radial

dependence of the interplanetary temperature can

determine the amount of solar energy transferred to

OF INTERSTELLAR GAS 1049

the neutral gas and hence permit the true nearby
interstellar temperature to be determined. While

Bertaux et al. (1976) have reported a direct tempera-

ture measurement, they did not comment on possible

temperature gradients in interplanetary space due to
local heating. A spacecraft mission with direct tem-

perature mapping should prove to be useful and

interesting. Such data are intimately related to the

physical properties of the interplanetary neutral
medium as well as the enexgy flux of the solar wind.

This work was supported by contract NAS2-6558

with the NASA Ames Research Center. We gratefully
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Europa: Ultraviolet Emissions and the Possibility of Atomic OxY9en

and Hydrogen Clouds

D. L. Judge, F. M. Wu, R. W. Carlson

Abstract presented at the Fall Meeting of the AGU, San FranciscQ, 1977

Emission signals of undetermined origin with k < 800 _ from Europa

were detected by the Pioneer I0 ultraviolet photometer I. In the present

paper, using improved procedures for data reduction, we determine the

region as well as the intensity of the suggested emission sources. The

observations indicate a cloud with a radius of 1.5 Rj (Jupiter's radius)

and apparent brightness of _I0 Rayleighs, for a wavelength of 500 2.

It is argued that neutral oxygen atoms, along with neutral hydrogen are

produced through dissociation of water ice on Europa's surface by

particle impact with the observed emission being produced by electron

impact ionization excitation of oxygen atoms in the resulting cloud.

Using the present source brightness and radius results we estimate an

oxygen column density of _I013 cm-2, while the density of atomic hydrogen

is < I0 II cm-2 and 1012 cm-2 for molecular hydrogen.

t Judge, D. L., Carlson, R. W., Wu. F. M. and Hartmann, U, G., 1976,

in Jupiter, ed. T. Gehrels, Tucson, : University of Arizona press,

p. I068.



Electron Heatin 9 of Inflowin 9 Interstellar Gas

F. M. Wu, D. L. Judge

Abstract presented at the Fall Meeting of the AGU, San Francisco, 1977.

The local interstellar gas moving through the solar system will

encounter collisions with solar electrons and result in temperature

increase. Because of the high electron flux and high collision cross

section, such electron heating of interstellar gas can be significant. In

the present work it is assumed that the thermal energy of the electrons

is constant with distance from the sun (with E _lO eV) and that the

inflowing gas follows Keplerian trajectories and the contours of constant

temperature so obtained are given. At a heliocentric distance of l A. U.

the estimated temperature is lO00 OK upwind and 3000 OK downwin#for

hydrogen atoms, and is 200 OK downwind and 90 OK upwind for helium.
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TEMPERATURE AND FLOW VELOCITY OF THE INTERPLANETARY GASES

ALONG SOLAR RADII

F. M. Wu AND D. L. JUDGE

Department of Physics, University of Southern California
Receiued 1978 AIay 2,I; accepted 1979 January 17

ABSTRACT

The velocity distributions along solar radii for hydrogen and helium in interplanetary space
are calculated by using the Danby-Camm formula modified with a loss function. From these
distributions the radial temperature and radial flow velocity of the interplanetary gases are
determined. The effects of solar gravitation and ionization loss, due to charge exchange and
photoionization, on the gas temperature and velocity are described.
Subject headings." interplanetary medium -- interstellar: matter

t. INFRODUCTtON

Danby and Carom (1957) studied the motion of a cloud of gas particles in the gravitational field of a point mass
and found an analytical formula for the distribution function in terms of the phase space volume element. By
including a loss function to take into account the destructive effects of charge exchange and photoionization, the
Danby-Camm distribution formula can apply to the interplanetary gas moving through the solar system (Wallis
1975; Meier 1977; Fahr 1978).

In lhi¢ paper a .,or,i,-,. ,-,r .h,..._,-,,_;_,.,a r_._., r..__ r ..... . .......... -. -_,- .-...................................... :-,....... ,u...u.a ,,.a_ u_cu io t-...mate ihe velocity distribution
a .... L: solar radii for interplanetary hydrogen and helium. From the calculated distribution the radial temperature
and flow velocity were determined. The radial velocity distribution is particularly important because such distribu-
tions determine the rate of absorption of solar lines by the interplanetary gas. The radial temperature and flo_
velocity must be considered in order to correctly compute the expected intensity distribution and line profile of the
scattered interplanetary radiation along solar radii, as well as the attenuation and line profile of solar lines as the
radiation proceeds through interplanetary space.

The radial temperature change of interplanetary helium produced by solar gravitational attraction has been
calculated by Blum and Wulf-Mathies (1978), who used an expression requiring a triple numerical integration.
In this paper we extend the calculation by including the effect of ionization loss and simpli_' the calculation bv
using a formula which invoh, es only one single numerical integration. Moreover, we calculate the temperature of
atoms in the indirect orbits as well as the temperature of atoms in the direct orbits. For hydrogen, the radial
velocity distribution has not previously been studied.

It is noted that Fahr (1978) calculated th'e temperatures that characterize the velocity distributions perpendicular
and parallel to the local tangent of the zero-order orbit of interplanetary helium at the distance of the Earth's orbit.
However, the temperature and velocity that characterize the radial velocity distribution has not been calculated
by Fahr. Recently, Wallis and Hassen (1978) calculated the radial temperature of the interplanetary helium by
using a solution of Fokker-Planck equation. In this approach the velocity deviations from the mean are assumed
small and may not be accurate for high-temperature (T = 10+ K) interplanetary gas.

The velocity distribution functions will also be modified b} elastic collisions between the inflowing gas and solar
protons and electrons. Such collision processes ha,,e been considered previously by Wu and Judge (1978), Holzer
(1977}, Fahr (1978), and Wallace and Hassan (1978), and are excluded from the present work.

II, RADIAL VELOCITY DISTRIBUTION

For an interstellar gas with a bulk velocity V_ and a MaxwelI-Boltzmann (M-B) velocity distribution of tempera-

ture To, the velocity distribution in interplanetary space can be written as (Danby and Camm 1957; Danby and
Bray 1967; Meier 1977; Fahr 1978)

F = A'o(r,l'=Vt) -3 exp (Fa + F2 sin ¢,). (l)
where

F_ = - V,-=(Vb= + V0= + 2VoVb cos 0) + 2V,-2VoV_cos 0

F2 = 2V,-2VoVoVo sin 0 (Vo - V,)
V_(Vo - V,) + Q_ '

Q= = (! -- I_)GM,/r,

("Vo - 1/',)=

To( 11"o- V,) ÷ Q2

Vo = (V,= + V_= - 2Q_) 112,

594

2_"

rV_
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X IL

F_G. l.--Examples of the interplanetary particle's orbits. A particle in the upper orbit (direct orbit) sweeps through an angle
0a ~ 0 - 17_ while a particle in the lo_er orbit (indirect orbit) sv,eeps through an angle 02" ~ 353* - 0.

and

and

Vt = (2h'To/rn) _'2 "

Here G is the gravitational constant, M, is the solar mass, v is the ratio of radiation to gravitational force, rn is the
atomic mass, r, is the distance from the Sun to the Earth's orbit (1 AU), 1_ is the ionization rate at the Earth's
orbit, No is the particle density at infinity (density of the interstellar gas), and 8' is the angle swept out by an
atom moving along a Keplerian trajectory (Fig. 1). The position of a point in space is specified by (r 0), _here •
is the distance from the Sun and 0 is the angle with respect to the upwind direction (0 < 0 < =). The velocity
vector V is specified by cylindrical coordinates (V,, V_, 6), with the rotational axis pointing along the •-direction.

In equation (!), the angle 0' varies with position • and velocity V. By solving the Keplerian equation, 0' can be
simply expressed as

O' =O o_+ 01, (2)

where the plus sign is for It, > 0 and the minus sign is for It, < 0; 0o is the perihelion angle of the hyperbolic
trajectory,

0o = tan -a (-VoVa/Q2), =/2 < Oo < =

with

= and

Oz = tan-l I[r°/ra + 2r°/r-/r°/r)2]a_2}_o/r-- 0< 81 <rr

ro= rVa2/Q 2, rl = Q2r/Vo2.

Using equation (I), the number of particles in the interval dV, with radial velocity Iv', at position • then can be
explicitly expressed as

dN, = N(r, V,)V,-xdV,, (3)
where

L L'"N(r, V,) = =-Z'=NoV ,- exp (F,)VadV, exp (F2 sin _)d_ (4)
a0

V_o = (2Q 2 - V,Z)1'2 if It, < 21'2Q _-"

= 0 otherwise.
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Calculation of the radial velocity distribution thus appears to involve a double integration. However, the integration
on _bcan be evaluated analytically by using a power series expansion (Danby and Bray 1967)

f: [ ]exp (Fa sin _b)d_b= 2_r 1 + (0.SFa)' (0.SFa)' (0.5F2)'(1!) 2 + (2!)------T- + (3!)----T- +... for IF2[ < 10

t,_1 exp (ra) 1 + l!(8Fa----_+ 2!(8Fa)----_+ 3!(8Fa)' +"" for Iral > 10. (5)

Only the infinite integral over V, must be integrated numerically and is discussed below.
The infinite integral I was calculated by successively evaluating the subintegral I, over the inter_'al VD0+

(n- l)d < V_ < V_o + rid, with n = 1, 2..... M and then summing the I, s. I. is integrated by usin_ a 16-point
Gaussian quadrature formula. The value of M is so chosen that the last subintegral lu is less than 10_21. And the
mesh d is chosen so small that the resulting values for the integral I using two different mesh values, d and 2d,
agree to at least 10-al. For the case of the interplanetary gases with T = 10+ K, we found that the parameters with
d = 4Vz and M = 4 satisfy the above criteria reasonably well.

The reasonableness of the calculation of N(r, V) may be checked by comparing the present values of the
volume density given by

N(r) = V,-' J
N(r, I_)d;_ (6)

with those given by Thomas (1978) (Table 1). The results ag'ree to two significant figures for most cases even
though Thomas's (1978) density calculation is integrated over the velocity at infinity, while our calculation is
integrated over the velocity distribution locally. The good agreement suggests the accuracy of our calculation
of N(r, V,).

TABLE 1

COMPARISO,_ OF THE ]NTERPLANETARY GAS DE._SITY

CALCULATED IN THE PRF.SE_T WORK AND BY THOMAS (1978)

HYDROGE._ DE,'qSITY HEUUM DENSITY

(cm- ') (cm- 3)

r(ALD This Paper Thomas This Paper Thomas

0=0 °

1 ......... 0.0677 0.0690 0.830 0.861
2 ......... 0.220 0.221 0.900 0.900
4 ......... 0.436 0.437 0.927 0.931
7 ......... 0.606 0.605 0.949 0.952
10 ........ 0.697 0.696 0.960 0.963
50 ........ 0.924 0.992 0.989 0.992

0 = 90 °

1 ......... 0.0295 0.0300 0.942 0.948
2 ......... 0.127 0.128 0.958 0.963
4 ......... 0.310 0.311 0.961 0.965
7 ......... 0.484 0.483 0.964 0.968
10 ........ 0.588 0.587 0.967 0.971
50 ........ 0.886 0.884 0.986 0.989

O = 180°

| ......... 0.00218 0.00224 5.05 5.09
2 ......... 0.0194 0.0197 4.59 4.62
4 ......... 0.0846 0.0853 3.90 3.92
7 ......... 0.190 0.191 3.31 3.33
10 ........ 0.280 0.280 2.96 2.97
50 ........ 0.704 0.703 1.77 1.77

No'rE.--The parameters used in the hydrogen density
calculation are no = icm -3'v+= 20kms -1,_= 5 x 10 -7
s -1, /,=0.75, and T= 10+K; v,hile the parameters for
helium are rio-- lcm -a Vo = 20kms -a, _-- 7.5 x 10-*
s-l,p = 0, and T= 10'K.
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It should be noted that in the above distribution function (eq. [1]) we expressed the particle velocity V
in cylindrical coordinates (V,, V,, @), in contrast with the usual Danby-Camm spherical coordinates. The use of

a cylindrical coordinate system allows the density to be expressed explicitly as a function of V, and • and can

greatly simplify the computation of the radial temperature and velocity for the interplanetary gas. As noted by
Wailis and Hassen (1978), the,distribution functions developed by Meier (1977) and Fabr (1978), are of limited
use because deriving physical observables requires lengthy computations.

As an immediate application of the above distribution function N(r, V,) the absorp_on coefficient =,(r) for the
solar line at frequency v can be calculated (Wu and Judge 1979). The result is given

where

and V, is related to v by

=,(r) = =oN(V,, r), (7)

_o = F,,_--_y_o, (8)

,' = Vo+ 7" "o. (9)

The emission profile for the interplanetary glow along solar radii at position r0 then can be simply expressed as

f"l,(ro)dA = rrFAdA =,(r)P(y)dr, (lO)
_YO

where r,F, is the solar flux at wavelength )_, P is the phase function, and ), is the angle between the emission direction

and the various solar radii, which is 180 ° for our cases. And the emission intensity integrated over wavelength is

l(r^_ = /.(%)r/'l ....
• w, -^ .... _al)

The detailed results for/A and I will not be presented in this paper. However, to further indicate the accuracy
of our calculation of N(r, V,), we show in Figure 2 two of the emission profiles 1A in comparison with those of

Meier (1977). Meier's results are calculated by directly using the Danby-Camm formula without any further

simplification. We also use the Danby-Camm formula, but simplified by expressing the distribution function in

terms of radial velocity. The comparison of our emission profiles with Meier's shows general agreement. As a

practical matter, it is also worth noting that the computer time for obtaining a single line profile and its integrated

intensity in a particular direction is between 20 and 60 minutes on a CDC 1604 computer using Meier's (1977)

formula, but requires less than 4 minutes on an IBM 370'158 by using the present formula. This provides further
evidence that the present calculation is not only accurate but also simple and efficient.

4

n: I0

g[

o

=E

I

0.2
i00

I I I 1

-- PRESENT

.... MEIER U977)-

-ioo -50 o 50
WAVELENGTH (m_)

Flu. l--Emission line profiles of interplanetary helium at the distance of the Earth's orbit and-at angles of 45 ° and 135" from
the upwind direction. The vie_ing direction is taken to be the antisolar direction. The physical-parameters used here are V0 =
20kms "a, T= 104K, B= 6.8 x 10 -_s-aatom-l and no = 0.01 cm -_. The solar flux at He 584A line is assumed to be
Gaussian with a full line width at half-maximum imensity of 0.12 A and with a line center intensity of I0 -_ photons cm -2 s -a.
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Ill. RADIAL TEMPERATURE OF HYDROGEN

In Figure 3 we show the calculated velocity distribution N(r, It,) ofhydrogen along with a fitted M-B distribution
at a distance of 1 AU for various angles. The parameters used in our calculations are To = 104 K, Vo = 20 km
s -a, fl = 5 x 10-7 s -1, and t+ --- 0.75 Cl'homas 1978). It is seen that the M-B distribution for specific temperature
fits the calculated velocity distributibn very well. Thus, the characteristic temperature, T, for the radial velocity
distribution can be simply evaluated by using the fact that for a M-B distribution

pv,, 4,
T = _ _,1.6651 ' " (12)

where 3V1, 2 is the full line width at half-maximum (FWHM) of the distribution.
It may be noted that, for ever)' position in space, the oeutral particles are composed of two different families,

one with swept angle 0' less than 180° (direct orbit) and another with 0' larger than 180° (indirect orbit) (Blum
and Wulf-Mathies 1978) (Fig. !). However, the number of hydrogen atoms decreases rapidly as the swept angle
0' increases because of the high ionization rate. For most regions, the contribution from the family of indirect
orbits to the density distribution could be neglected (Wu and Judge 1978). And for the region (0 > 170°) where
the number of particles from indirect orbits may be significant, the mean radial velocities of direct and indirect
orbits are not much different. Thus, the hydrogen distribution shown in Figure 3 always appears with a single
peak.

48 A 8 =O"
T =5500"K

24

12

0 l , I , I +

 :oo-Iif 7500=K

0 ! = I t J I I

/'_ # =90 °

_'_ 8 / \ T=I2OOO'K

Z . 20*

/
- 8= i700 _ "4

06- T=ITOOO'K/ _ 1

,=.,o.
o +=,,ooo.,/\

I \
;jX
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Rod_ol Velocily Vr (kin/see)

Fro. 3.--The radial velocity distribution of hydrogen at the Earth's orbit. The solid curve is the distribution calculated from
eq.(4) withT"o = 104K, Vo-- 20kms -_,B= 5 x 10 -Ts -1,and#= 0.75. The dashed curve is the fitted M-B distribution with
temperature T. 8 is the angle from the upwind direction.



1 .=/f_
- J. lO-

No. 2. 1979

F,G. 4.--The radial temperature of hydrogen as function of the distance from the

GAS VELOCITY ALONG SOLAR RADII

a8

_ 14 - -,2

o Iz

 i/o-0.er

• L 4

't i
D,_t0nce from Sun {A.U.)

Sun for various angles 0

599

Using equation (12) and the value A V_,.2 determined from the distribution function N(V,), the radial temperature
ofhydrogen as a function^r-_.;,:^. _- m :.._-.....-,,, _,........ _,, _,p....... ,l in Fi_.u_e 4. li is sccn that, for 8 smaii (upwind), the temperature
of hydrogen decreases as it comes close to the Sun, but for O = 90 _ and larger, the temperature increases as the
distance decreases. For all angles, the temperatures at large distance are converging to T = 10' K, the assumed
temperature at infinity.

In general, the interplanetary temperature gradient is caused by two factors: (I) the action of gravity and (2)
the effect of ionization loss. In the upv, ind direction the ionization loss of hydrogen is small and the cause of the
temperature gradient is mainly due to the action of solar gravity. But for other directions, the dominant factor
that determines the velocity dispersion appears to be ionization loss. This is evident from the fact that the maximum
temperature increase is at 8 = 180 ° where the effect ofionization loss is maximum• We note that if the gravitational
force were the main cause of the temperature increase then the maximum temperature should be expected at
perihelion (90: < O < 130 ° for 0.5 < • < 20 AU) where the mean radial velocity is zero (Blum and Wulf-Mathies
1978). However, our calculation indicates that there is no temperature maximum at perihelion• Thus, at large
angles from the upwind direction the effect of the gravitational force on temperature is apparently smaller than the
effect of ionization loss. The effect of the gravitational force on the temperature of hydrogen is small because the
solar gravitational force is nearly balanced by radiation pressure.

The ionization loss does affect the interplanetary' lemperature, however, since the interplanetary atoms of
finite temperature cover a large portion of velocity space. The atoms follow different trajectories and have different
loss functions. Hence, the interstellar distribution function will be significantly altered as the atoms approach the
Sun. In Figure 5, the radial velocity distributions at 8 = 180 c and • = 1 AU for three different loss rates are shown
for comparison. For a low loss rate, fl = I x 10"" s- a, the temperature at 1 AU is about 11,000 K and only about
1000K above the local interstellar temperature. However, as ,8 increases to 5 x 10 -_ s -a, the temperature
increases to 17,200 K. The hydrogen temperature increase downwind is thus clearly due to ionization loss.

In our calculation of the hydrogen velocity distribution we assumed that the radiation pressure of solar photons
on hydrogen atoms, and hence the value of I.,(= 0.75), does not depend on the hydrogen velocity. This assumption
is valid because the depressed central region in the solar La line is broad and only weakly reversed. The line profile
in the spectral region AA = 0.12 A from the line center can be assumed to be flat with an error of less than 7%
(White and Lemaire 1976; Thomas 1978). And the velocities of hydrogen atoms relative to the Sun for • > 1 AU
are less than 30 km s- a in most cases (except for 8 _ 0° and r < 1.5 AU). For hydrogen atoms of such low veloci-
ties, the Doppler shift from the line center is less than 0.12 A and the possible variation in t_ due to a nonuniform
profile is less than A/., = 0.05. It is calculated that, for fixed 8 and for hydrogen atoms with _. + A_ = 0.75 + 0.05,
the temperature differences are less than 500 K at • >_ I AU. Thus, it is evident that the velocity, distribution is
little affected by the weak variation in _. At r = 1 AU and 8 = 0 °, the hydrogen atoms have a relatively' high
velocity of ,-. 35 km s-_ and experience a solar flux v, hich is about !.2 times larger than the solar flux at the line
center, and/a = 0.9. However, even for this case, the calculated temperature is only 9_00 K or about 16°7o above
the temperature for t_ = 0.75. It should be noted that the real effect of a nonuniform profile on the velocity distribu-
tion is significantly less than the above estimate since the atoms experience a variable t_, 0.75 to 0.9, along their
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FtG. 5.--The radial velocity distribution of hydrogen for three different loss rates ,8. Tand Varc the values for the temperatu.r_
and mean velocity of the indicated distributions.

trajectory. Thus, the flat profile and hence the absence of a/_ dependence with respect to radial velocity, as assumed
in our calculation, is quite reasonable.

It may be further noted that the radiation pressure is not constant with time because the solar La flux varies with
solar activity. From the Vidal-Madjar (1975) measurements, the ratio of radiation pressure to solar gravity varies
from 0.6 to 1. However, Thomas (1973) determined that the value of _ most likely exceeds !. Moreover, the
ionization rates of hydrogen and helium atoms are determined by the solar proton flux and solar EUV flux which
are also time-dependent. The proton flux is found to vary from 3 x l0 s to 2 x 108 cm -2 s -] (Diodato, Moreno,
and Signorini 1974), and the EUV flux could change by a factor of more than 2 in a single year (see Timothy
1977). The exact variation of flux density with solar sunspot number remains somewhat uncertain. The time-
dependent model for interplanetary gases cannot completely be resolved unless our knowledge of solar emitted
flux (both photon and particle flux) is greatly improved.

All current models for the motion of the interstellar gas in the solar system assume that _. and fl are constant.
It must be noted that although it may take more than 10 years for the interstellar gas to move through the solar
system, the most significant time is the 2 years of approach to or departure from the Sun. During this time the
atoms move through the 10 AU region in v,hich most of the observed glow originates. This is because both solar
gravity and flux vary as l/r 2 and the atoms at a large distance are little aware of the Sun's presence. The effective
variation oft_ and/3 for the hydrogen atoms may be of the order of A_ _ 0.I and A/3 = 0.2 x 10 -_ s -a

To see roughly that a constant t_ and 13cannot make a significant error in our results, we calculate the radial
temperatures of atoms with different _ and _. For r _> 1 AU, the results indicate that the temperature difference
is less than 10% for atoms with A/a = 0.1 and is less than 5% for A/3 = 0.2 x 10 -_ s -a. Hence we may conclude
with some confidence that the uncertainty in our calculation of radial temperature due to the possible time variation
of t_ and/3 is ~ 10%.

IV. RADIAL TEMPERATURE OF HELIUM

Using equation (4) and the parameters from Thomas (1978), To = 10' K, Vo = 20 km s-],,8 = 7.5 x l0 -s s -a,
-= 0, the radial velocity distribution for helium at a distance of I AU is calculated and shown in Figure 6. For

8 _> 90 °, atoms with both direct and indirect trajectories contribute to the density and the distribution must be
described by two M-B distributions of two different temperatures. But for 8 < 90 ° the family of indirect orbits
cot-respond to large angular variations (O' = 360 ° - 8) and the contribution to the defisity from such orbits
becomes negligible, giving a single peak in the velocity distribution. It is also noted that for 0_-close to the downwind
region (0 > 150°), the distributions for direct and indirect orbits overlap and a single Maxwellian distribution
defines the velocity distribution quite well.
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FIG. 6.--The radial velocity distribution of helium at the Earlh's orbit. The solid curve is the dislribution calculated from eq. (4)
with To = I0" K, Vo = 20krns -_,,e = 7.5 x ]0-'s -_,and_, = 0. The dashed curves are lhetitled M-Bdistributions.

The ionization loss process, because of its low rate, is expected to have little effect on the helium temperature

except in the downwind region. On the other hand, since the gravitational effect is not balanced by radiation

pressure, the helium temperature is significantly altered by it. Moreover, the distribution resulting from indirect

trajectories also causes some temperature variation for helium. The temperature distribution for helium is shown
in Figure 7 and is discussed below.

As for hydrogen, the helium temperature in the upwind region has its lowest values and approaches 104 K at

large distances. But, in contrast to hydrogen, the maximum helium temperature is not in the downwind direction,

0 = 180 °, but at 0 = 150 °. At 0 ,-, 150 °, it happens that the contributions to the density by the family of indirect

orbits is not small and portions of the distribution from indirect orbits overlap those of direct orbits (see Fig. 6)

and thus cause a significant velocity spread and an effective temperature increase.

For the region far away from the downwind direction, the velocity distributions of direct and indirect orbits

are separaled. Thus, the temperature of particles in indirect orbits, in addition to the temperature of the panicles
in direct orbits, is required to describe the distribution. These are shown in Figure 7, for 0 = 90 ° and 135 ° (dashed

lines). It is seen that the temperature of indirect orbit panicles is always less than the temperature of those in

direct orbits. In Figure 7, the temperatures associated with indirect orbits are shown_- for only a limited spatial

range, since at large distance the distributions for indirect and direct orbits overlap. A single temperature defined

by equation (12) adequately describes the combined distributions of both orbits.
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............... -........ _ (197_ ,,,v=.........uctcrm*nea the radial temperature for helium in the absence of ionization.
Their numerical values for small angles agree with ours. For example, at 8 = 0° the), find helium temperatures of
2800 K and 6800 K at • = l AU and 10AU, respectively, _hile our values are 2600 K and 7500 K--the a_eement
is within 10%. However, at large angles the values from Blum and Wulf-Mathies are different from ours. At a
distance of I AU they find T = 16,000 K at $ -- 180 ° and T = 25,000 K at 0 -- 150 °, while our values are 20,000
K and 70,000 K, respectively. The differences are caused by the fact that Blum and Wulf-Mathies do not include
the effects of the ionization loss function and the distribution of the indirect orbits in calculating the helium
temperature. This leads to an underestimate of the temperature in the downwind direction.

v. RADIAL TEMPERATUREAT THE EAR'rH'S OReIr

The radial temperatures of hydrogen and helium at 1 AU as a function of angle 0 are shown in Figure 8 for
comparison. It is seen that the hydrogen temperature is 5500 K upwind and increases to 17,000 K downwind. The
helium temperature is 2600 K upwind, increases to 70,000 K at 8 = 150 _, and decreases to 20,000 K downwind.
Thus, the helium temperature deviates more significantly from the assumed interstellar temperature of T = 10* K
than does that of hydrogen. The fact that there is negligible radiation pressure on helium (_ ,,- 0) while for hydrogen
the ratio of radiation pressure to gravitational attraction is/_ ~ 0.75 accounts for the difference. Hence, the gravi-
tational effect on the velocity distribution is larger for helium than hydrogen. As noted earlier, the hydrogen
temperature is increased significantly by ionization. However, it is apparently smaller than the temperature
increase of helium due to gravitational attraction.

In Figure 8 we also show (dashed line) the temperature of the secondary distribution from the indirect orbits
for 90 ° < 8 < 140 °. As was noted, the secondary temperature is always less than the temperature of the direct
orbit particles. Moreover, the indirect orbits, because of the large angular sweep, are less populated and hence
less physically significant than the direct particles.

The most notable feature in Figure 8 is the sharp helium temperature maximum at 150 ° caused by the distribu-
tion overlap; the maximum temperature is about 70,000 K, a factor of 25 larger than the temperature of helium
(2600 K) in the upwind direction. Thus, for a viewing direction outward from the Sun, the interplanetary helium
width is quite wide (FWHM m 0.05A for T-- 70,000 K) for 8 _ 150 °, while the line width near the upwind
direction is narrow.

VI. RADIAL FLOW VELOCITY OF HYDROGEN

Using the velocity distribution function N(r, V,), the radial flow velocity of interplanetary gas at any position •
can be calculated from

= [ V,N(r, V,)dV,/[ N(r, V,)dV,. - (13)
d IJ
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Fnr T^ very. lnw. the flnw velnrltymay h. ,-,_.... (oa r.^_

V, = (NaVa + N2V2)/(Na + N2), (14)

where N], N2 and V], //2arc the dcnshics and velocitiesfor the directand indirecttrajcctor/csof a cold gas and
can be evaluated simply from thc expressionsby Axford (1972).As was noted for hydrogen, the densityN2 for
the indirecttrajectoryisvery low and the above equationreduces to V, -- //i.

The flow velocitiesfor T -- l04 K and T = 0 K arcshown in Figure 9.The differenceinthe flow velocitiesfor

hydrogen atoms at difl'crenttemperaturesisapparent.At the Farlh'sorbit,the flo_ velocityof I0(K hydrogen
atoms islower than the velocityof those at0 K by 3 km s-_ upwind and I0 km s-_ downwind. At largedislancc,
the vciochy differencedecreasesbut stillamounts to l km s-_ upwind and 3 km s-_ downwind at r = 10AU.

From Figure 9,itisclearthatatoms with To = 10(K always have a lower velocitythan atoms with To = 0 K.
The factthattheradialvelocityof high-temperaturehydrogen issignificantlylowerthan thatoflow-temperature

hydrogen iscaused by the high ionizationrate.This isevidentfrom the velocitydistributionsshown inFigure 5.
When the lossrate_ issmall (_ -- 10-e s-_),the radialvelocityfor T = 10_ K is19 km s-_,closeto the velocity
of 20 km s-_ for T = 0 K. But, as the lossrateincreases,the radialvelocitydecreases.The velocityis14km s-_
for_ = 2 x 10-_s -_butisonly9.6kms -] for,8=5 x 10-Ts -].Thcdcpcndcnccofthcradialvciocflyonthc
ionizationlossprocessisexplained as follows.

Hydrogen atoms at T = 0 K have only one trajectoryfor each spatialposition,and the mean velocityV isthe
paniclev_clocity.But as the tcmpcrature isincreased,thedeviationofindividualparticlevelocitiesfrom the mean

velocityV increasesand becomes omnidirectional.Wc note thatthe angle 8'swept out by the particledepends on
the directionof the particlevelocity.This angle is0° for a trajectoryopposite the • directionbut is360= for a

trajectoryalone the • direction.In general,the angleswept out by the atoms willincreaseas the angle between
the trajectorydirectionand the radius• decreases.Thus, particleswith largeradialvelocityV, at position• arc
preferentiallydestroyed sincethe probabilityof ionizationislargerfor these particlesthan for particleswith a
small radialvelocity.The mean radialflow velocityofatoms with finitetemperatureisthusreduced. The depletion
efl'cctismost profound inthe downwind directionand atsmall distanceswhere the ionizationeffectismaximized.

Recently, Adams and Frisch (1977) have measured the Doppler shiftof the interplanetaryLa siena]and
determined an inflowvelocityof V_ = 22 _.3 krn s-_.However, an errormay existin the inflowvelocitywhich
they have determined sincemodificationof the bulk velocitythrough velocity-dependentionizationlosswas not
considered.As wc have calculated,the radialvelocityin the upwind directioncan bc depleted by as much as
3 km s-_ duc to thiseffect.We note,however, thattheviewing directioninAdams and Frisch'sobscr'vationwas

upwind, about 50° from the radialdirection,while our radialvelocitycalculations:applyonly to obscn'ations
alone the radialdirection.Thus, the exactcorrectiontothe inflowvelocityof Adams end Frischrequiresthatthe
presentresultsbc generalizedto includenonradial components in order to calculatet'hcexpected Doppler profile
for theirfieldof view.
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VII. RADIAL FLOW VELOCITY OF HELIUM

The radial flow velocity of helium at 10' K calculated from equation (13), and the velocity at 0 K calculated
from equation (14), are shown in Figure 10. It is clear that the radial velocity for helium does not depend on
temperature except near 0 = 180 _. However, even at 0 = 180: and at a distance l AU, the velocity of lO* K
particles is only about l km s -_ lower than the velocity of those at 0 K. Thus, although the solar gravitational
force can significantly modify the bulk velocity of the infloging interplanetary helium, the amount of modification
is independent of the assumed "'interstellar" temperature. And the low ionization loss rate produces little effect on
the radial velocity of helium.

vm. SUMMARY

In this paper we have calculated the temperatures and flow velocities that characterize the radial velocity distribu-
tions of the interplanetary gas. At a distance of 1 AU, the hydrogen radial temperature is found to vary from
5500 K to 17,000 K while the helium temperature varies from 2600 K to 70.000 K depending on the angular
position from the interstellar wind direction. In general, the temperature gradient for the hydrogen atoms results
from velocity-dependent ionization loss and solar gravitation, but for helium the variation is caused primarily by
the solar gravitation only. The effect of ionization loss on the helium temperature is small, except in the downwind
direction.

The radial temperature determined here assumes that the interstellar temperature is To = l04 K. The actual
interplanetary temperature will be higher or Iov,er, depending on the true value of To. However, the results do
show that the interplanetary temperature is indeed highly asymmetric. Local heating from solar electrons and
protons (Wu and Judge 1978) will in general increase the asymmetry.

The radial flow velocity of helium is found to be independent of the assumed interstellar temperature. On the
other hand, the flow velocity of hydrogen ,,'aries significantly with interstellar temperature due to its large loss
rate. The radial flow velocity of hydrogen at l04 K is shown to be lower than the velocity of 0 K hydrogen by as
much as 10 km s -_ downwind and 3 km s "_ upwind, at a distance of 1 AU.

The velocity distribution perpendicular to the radial direction was not calculated in this paper but is expected
to be different from the distribution along the radial direction. As we note, the gravitational force is a conservative

force and cannot change the internal energy of the interplanetary gas. To conserve the internal energy, inter-
planetary gas with a high radial temperature must have a low tcmperature in the orthogomal direction, while a
gas of low radial temperature will have a high orthogonal temperature. On the other hand, the ionization loss
effe'ct, due to its velocity-dependent ionization rate, can change the internal energy of the ]nterplaneta.ry gas. A
complete description for the interplanetary gas temperature requires that the present calculation be extended to
include nonradial velocity distributions.
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Modification of Solar Lines Propagating Through the Interplanetary Medium

F. M. Wu ANt)D. L. JUDGE

Department of Physics. Uniotrsit)" of Southern California. Los Angeles, California 90007

The optical depths of the solar H Lyman a and the He 584-,/_ lines in interplanettt, o_ space are
calculated. From thes_ the solar line profiles at Saturn and Uranus are determined. It is faund that the
solar H Lyman a line can be diminished strongly ,ithin a spectral region of [,$h[ < 0.2 ,i, from the line
center. On the other hand. there is no significant absorption of the He 584-k line except in the do_ n_ind
region _her¢ absorption occurs at _-k_ 0.04 k. The effects of solar line modification on planetaD and
interplanetary glo_ obsc_ations arc discussed.

INTRODUCTION

Solar H Lyman a and He 584-/_ lines in interplanetar T

space can be depleted in parts of the line due to the absorption

by interplanetary hydrogen and helium atoms. The depletion

effect increases with radial distance and could become very

significant at the distance of Saturn's orbit and beyond. Al-

though Thomas [1972] and Meier [1977] have drawn attention

to the possibility of solar line depletion, no detailed calcu-
lations have been made.

in this paper we calculate the optical depth of the solar lines

in interplanetary space. From these results the solar line pro-

files at the orbits of Saturn and Uranus are determined.

Knowledge of those line profiles is necessary to interpet accu-

rately planetary and interplanetary H and He glo_ measure-

merits.

COMPUTATIONAL METHOD

The local interstellar gas distribution is assumed to be Max-

welI-Boltzmann with a temperature To ~ 104 *K and a bulk

velocity V, _ 20 km/s -t [Thomas. 1978]. As the gas particles

move from interstellar space into the solar system, the distri-

bution function gradually changes owing to the effects of solar

radiation pressure, gravitational attraction, and ionization

loss.

The motion of a cloud of gas particles in the gravitational

field of a point mass has been studied by Danby and Carom

[1957]. and the) have given an analytical formula for the

distribution function in terms of the phase space volume ele-

ment. By including a loss function to take into account the

destructive effects of charge exchange and photo-ionization

the Danby-Camm distribution formula can be applied to the

interplanetary gas moving through the solar system [Meier.

1977; Wallis. 1975].

With the velocity specified by cylindrical coordinates (V,,

F,,. _) (Figure I ) the velocity distribution of the gas particles at

an interplanetary position (& 0) is given by

F = No [(x )"=Vt] -) exp (Ft + FI sin ¢) (I)

where F_ and F2 are the analytic functions in terms of r. 0, V,,

V,, and the interplanetary physical parameters V_, To, B. u0,

arkd N. [Wu and Judge. 1978; Danb) and Bray. 1967}. Here r is

the distance from the sun. 8 is the angular position with respect

to the upwind direction, B is the charge exchange and photo-

ionization loss rate, u is the ratio of radiation pressure to

gravitational attraction. A'o is the particle density at infinity

(density of the interstellar gas). and Vt is the most probable

speed at temperature To, given by

This paper is not subjecl to U.S. cop) right. Published in 1979 by the
American Geophysical Union.

Paper number ISA0829.

V, = (2KToIm)'"

Accordingly, the density distribution as a function of the

radial velocity and position is described by

dNr = N(r, V,)Vz-' dVr (2)

with

N(r, V,) -- 0r-'") N,V,-'

"f:exp(F,)V, dVo f" exp (F, sin ¢)a_ (3)

In the above formula the integral over _ can be evaluated

analytically by using a power series expansion, while the in-

finite integral over Vp is calculated numerically by using the

Gaussian quadrature formula [H'u and Judge. 1978]. By using

the above density distribution the absorption coefficient a_ at

wavelength k (frequency J,) can be calculated from

.dr 7 _-- N(r. V,)V,-' dV,
or_ = L.

r f_-. N(r. V,) dV,= ao-_ (X - v,)' + F' (4)

where v. is the frequency at the line center, f is the oscillator

strength, and "_ is the natural line width [AIler. 1963]. For
convenience v,e have made the substitutions

X = C(Uo - _)/Vo r = c'r/v,

and

= (x°/

For hydrogen and helium the factor l" is very small (F, = 6.1

x I0 -) km s -), FH, = 8.4 X I0 -) km s-_), while the halfwidth

of N(r, V,) is, in general, larger than 10 km/s [see Wu and

Judge. 1978, Figures 1 and 5]. Thus the function

F 1
b(V,) = --_r (X - V,) ) + r' (5)

is approximately a Dirac delta function, the major contribu-

tion to the integral in (4) arising from the region V, _ X. The

absorption coefficient can thus b_: simply expressed as

ax ~ a,.N(r. X) (6)

Finally, the transmitted intensity for solar radiation at dis-
tance r is

_rF_(r) = xFx(roXro=/P)e -r_ (7)

979
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Fig. I. The coordinatesystemfor describingthe dislributionfunc-
tion of inte_lanctar) 8as.

where 7x is the optical depth at _avelength X defined by

,_:exp[-a. f'N(r,X)dr] (8)

and 7r ¥_(ro) Is the solar flux intensity at ro, the earth's orbit.

SOLARH Lv_ a LI._E ABSORPTION

The radialvelocit)distri.butionfunctionN(r.V,)forhydro-

Een iscalculatedfrom (3)withTo= I0"°K. I/,= 20km/s._ =
S × I0-'s-:,u= 0.75,and No(H) = 0.Icm-' [Thomas.1978].

The variationofNOr,V,)withinterplanetarypositionhasbeen

sludiedin detailby Wu and Judge [1979].and the derived
volume densitiesN(r)agreewellwiththoseof Thomas [19"/8]

in hisTable 2a. By usingthecalculatedN(r, V,)the optical

depth _ for the H Lyman a line, as a function of wavelength,
for various distances and angles is calculated from (8). The
results are sho_n inFi[urc 2.

Since the radial velocity of the particles is negative upwind
(0 = 0) and positive downwind (0 = 180°), the absorption of
solar lines will occur in a spectral region of negative .3X up-
wind and of positive A_, downwind (Figure 2). For both the
upwind and the downwind direction the Doppler shift of the

-,i l i [_l i _ ! l

ll.O•
12 r,ZOA.U

--_-- #,90 •

/ _ ....... I • 180 °
I0 /I
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Wavelength from the Line Cen_ *% k (_)

Fig 2. Optical depth of the solar H L)man a line in inter-

planctar_ space. The parameters u_cd in the calculation are 7", = IO'

"K, I', = 20 km/s,_ = 5 X 10" s-m,_ = 0.75. and ,=,',(H) = 0.1 cm "s.

wavelength from the line center A;_ = 0 is significant, and the

optical depth at the line center is small. On the other hand, for
0 = 90 ° the radial speed is not large, and the main absorption
is near the line center.

The factor T_ will increase with distance because the number
of atoms available for absorption is increasing. At r = 3 AU
and less, the optical depth is small But as • increases to 5 AU
(Jupiter's orbit), the optical dept_ can approach v _ 0.1, and

Fig.3.
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Line profiles for the solar H Lyman a line at the orbiLs of

Saturn and Uranus.
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Fig. 4. Optical depth of the solar He 58..t-J_line in interplaneta_
space.The parameters usedin the calculation are To = I0" "K, _', = 20
kin/s, B = 7.5 x I0-' s-', u = 0, and A'_(He) = 0.0l cm-'.

absorption starts to become important. For • = l0 AU and
beyond, the optical depth becomes so large that the so]ar line

profiles are significantly altered. The solar line profiles at a

distance of l0 AU (Saturn's orbit) and 20 AU (Uranus" orbit)

are shown in Figure 3 and are discussed below.

The solar H Lyman a line profile at the carth's orbit is from
White and Lemaire [1976]. Since the optical depth at 1 AU is

ver) small, the solar profile measured at the earth's orbit is the

same as the unattenuated line profile emitted from the sun's
surface. The line center is at 1215.67 ,_,, and the line width at

half maximum is about 0.7 _. Depression of this line at large

distances through interplanetary gas absorption is, in general,

over a very narro_ region compared with the full solar line

width.

As was noted earlier, the spectral region of absorption by

the interplanetary gas shifts with the angular position of the

particles owing to the change in their radial velocity. However,

these narrow absorption features always occur within 1,3>,1 <

0.2/_ from the line center and are within the broad minimum

region of the solar line. It is further noted that at • = 10 AU

the solar flux can be reduced by a factor of 1.1-1.5 owing to

interplanetary absorption, depending on the angle from the

upwind direction, while at • = 20 AU the reduction factor is

from 1.5-3.1. The strong depression in part of the Lyman a

line causes the line profile to appear as a composition of two

separate spectral lines.

Since the airglow intensity produced b),resonance scattering

depends on the spectral intensity and profile of the solar line,

depletion of the solar H Lyman a line will reduce the hydrogen

glow intensity from the outer planets. It may be noted, ho_-

evc-r., that temperatures of the outer planets are Iov, (T ~

100*K ) and that the Doppler shift for the planetary H atoms is

small. Thus the airglow intensity from such planets depends

oni.)' on the solar intensit) near the line center. The planetary

glow will, accordingly, not be significantly reduced for planets

located either downwind or upwind where the radial speed and

the Doppler shift of the interplanetary gas is large.

it is also noted that depression of the solar intensity _ill

reduce the radiation pressure of the interplanetary gas

[Thomas, 1972]. For example, at 0 = 0 a radiation pressure of

u = 0.75 on hydrogen atoms at r = I AU will reducetou = 0.5

at 10 AU and, = 0.24 at • = 20 AU. The incoming and

outgoing interstellar atoms at large distance are accordingl,,
accelerated at a greater rate than those atoms near the sun. An

assumption of constant radiation pressure will thus not accu-

rately describe the motion of interplanetary atoms. In addi-

tion, the effect of multiple scattering on the interplanetary

glow will become important as the optical depth of the solar

line increases [Thomas, 1972} and further complicate the prob-

lem of interpreting interplanetary-r glow observations at large
distances.

Fig. S.
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SOLAR HE 584-,/I Lt_E ABSORPTION

The helium density in interstellar space is 0.01 cm-', only
about 10G of the H atom density. Accordingly, depletion of

the solar 584-A line by interplanetary He absorption should be
less profound than that for the H Lyman a line. Hob ever,

because of the strong gravitational focusing, the helium con-
o=ntration in the downwind direction i's large and can cause a

significant absorption effect [Melt, 1977].
In Figure 4 we show the optical depth r of helium, calcu-

lated from (3) and (8), with the parameters V, = 20 kin/s, To

= IlY °K,fl = 7.5 x 10 -= s -_,p = 0, and No = 0.01 cm-'. It is
shown that downwind, TA can reach 0.18 at • = 10 AU and

0.32 at r = 20 AU. However, for other directions the optical

depth is less than 0.1 for • < 20 AU. h is also noted that,
similar to the case for hydrogen, the absorption spectral region

for the solar helium line shifts with the angle 8, with a positive

..1_, downwind and a negative AX upwind.

The line profile of the solar He 584-_, line resulting from

interplanetar) absorption at • = 10 and 20 AU is shown in

Figure 5. Here, the unattenuated solar He profile is assumed to
be Gaussian with a line _idth of 0.122 A [Maloy eta/., 1978]

and a line center at .$84.33 ./_. At • = 10 AU the interplanetary

absorption has little effect on the line profile except downwind
where the intensity is reduced by a factor of !.2. At • = 20 AU

the absorption effect increases, giving a reduction factor of I, I

at 0 = 90 °.rising to 1.4 at 6 = 180 ° .
Since attenuation of the He line at the line center is small,

the helium resonances from Uranus and Saturn arc affected

little by the presence of the interplanetary helium. On the other
hand, because of gravitational focusing, the interplanetary He

glou, downwind could be noticeabl) affected b) interplaneta D

absorption.

SUMM_,RY

The optical depth of the 584- and 1216-,_, solar lines in the

local interplanetary region has been computed, it has been

shown that the optical depth depends not only on the distance

from the sun but also on the angular position of the gas with

respect to the inflow' direction. Moreover, the absorption spec-
tral region can vary from a negative '_h downwind to a posi-

tive Ah upwind.

At the distance of Saturn and greater, the solar line profile

for the Lyman a line is significantl) altered because of inter-

planetar) hydrogen absorption. The absorption region is close
to the line center with lAX] < 0.2 ,/_. For accurate inter-

pretation of the hydrogen airglow observation of the outer
planets, as well as the interplaneta o' glow at large distances,

the effect of solar H Lyman a line modification must be

included. On the other hand, the. effect of the interplanetary

helium absorption on the solar He line is small except down-

wind where absorption occurs at rwavelength shifted from the

line center by A), ~ 0.04/_..
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Temperature and Flow Velocity of Interplanetary Gas alon 9 Solar Radii

and the Resultin 9 Modification of Solar Lines Propagatin_ Through the

Interplanetary Medium =

F. M. Wu, D. L. Judge

Abstract presented at the Fall Meeting of the AGU, San Francisco, 1978.

The velocity distributions along solar radii for hydrogen and helium

in interplanetary space are calculated by using the Danby-Camm formula

modified with a loss function. From these distributions the radial

temperature and radial flow velocity of the interplanetary gases are

determined. Assuming the local interstellar temperature is lO4 K, the

hydrogen radial temperature at distance of l A.U. is found to vary from

5500 K to 17,000 K while the helium temperature varies from 2600 K to

70,000 K, depend on the angular position from the interplanetary wind

direction. The radial flow velocity of helium is found to be independent

of the assumed interstellar temperature. On the other hand, the flow

velocity of hydrogen varies significantly with interstellar temperature

due to its large loss rate.

Using the radial velocity distribution, we determine the optical

depths of the solar H Ly-m and the He 584 lines in interplanetary space.

From these, the solar line profiles at Saturn and Uranus are determined.

It is found that the solar H Ly-m line can be diminished strongly within

a spectral region of l& _I < 0.2 _ from the line center. On the other

hand, there is no significant absorption of the He 584 line except in

{he downwind region where absorption occurs at & _ _ 0.04 R. For accurate
i

Snterpretation of the hydrogen airglow observation of the outerzplanets,

as well as the interplanetary glow at large distances, the effects of solar

H Ly-_ line modifications must be included.
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Pioneer I0 UV Photometer Observations of the Interplanetary Glow at

Heliocentric Distances from 2 to 17 AU

F. M. Wu, D. L. Judge

Abstract presented at the Spring Meeting of the AGU, Washington_ D.C., 1979

The UV photometer on board the Pioneer lO spacecraft launch in

March, 1972 detects H Ly-_ and He 584 _ line emissions. The spacecraft

is now more than 17 AU from the sun and is providing the first results

on the interplanetary glow at large solar distances. These observed

interplanetary data will be presented.

For positions near the sun the interplanetary glow is primarily due

to single resonance scattering of sunlight by the interstellar gas

flowing into and through the solar system. But, as the heliocentric

radius r increase the scattered light intensity drops as n/r and the

background radiation, of even a few tens of rayleighs becomes important.

In addition, at large solar distances, effects of certain physical

parameters of the interstellar gas, such as wind direction and gas

temperature, are not important in determining the interplanetary glow

intensity. The present Pioneer lO data provides an excellent opportunity

to determine accurately the gas density as well as the background radiation.

In the present analysis of the interplanetary glow observations we

have employed the recent model of Wu and Judge (Astrophy. J. 1979, in

press). This model properly takes into account the combined effects of

_onization loss and solar gravitation in describing the interplanetary

gas density and can be used to compute the interplanetary glow for a

high temperature interstellar wind. Comparing the observational data with

these theoretical calculations we have determined that the constant

background intensity for the H Ly-_ line is about 40 R, and the nearby

interstellar density is 0.04 -3 for hydrogen and O.Ol cm-3 for helium.
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[XIREM[ ULIRAVIOLET OBSERVATIONS OF ASIROPHYSICAL PLASMA

Darrell I. Judge

Department of Physics, University of Southern California
Los Angeles, California gooo7 USA

INTRODUCTION

The primary observations to be presented are of the interaction of
solar plasma with the inflowing interstellar hydrogen and helium gas. The
extreme ultraviolet glow of these constituents results primarily fro_
solar resonance scattering, and is strongly modified by the interaction of
the solar plasma with this neutral gas, leading to both significant heat-

ing and ionization. The characteristics of our sun (and other stellar
sources), the solar wind, and planetary plasma are all amenable to diagnos-
is by means of XUV observations. The present discussion will be limited
to the dilute plasmas found in the solar wind (- ID crn-j) and in the Jov-
ian magnetosphere ( °yDDD cm-3). Recent observational and theoretical
work relative to such plasmas will be presented. In addition, a brief dis-
cussion of the new Voyager I XUV observations of Jovian plasma will be giv-

en. Ionization equilibrium studies suggest temperatures of IOs °K for a
plasma consisting primarily of SLIT, SIV and OIIl at the orbit of To, six
Jovian radii from Jupiter.

INTERPLANETARY PLASMA -SDLAR WIND

The interplanetary plasma consists primarily of protons and electrons
of solar origin. The supersonic expansion of the solar corona is usually
referred to as the solar wind. The flow velocity of this wind is essent-

ially constant at about 400 km s-_, with a kinetic temperature of about
I0 eV for r > 1AU.

As the solar wind proceeds through the interplanetary medium, the dy-
namic pressure decreases because the ion density decreases as = r-2. At
the heliopause (- IDO AU from the sun). the solar wind dynamic pressure is
equal to the interstellar magnetic and particle pressure, and a transition
from supersonic to subsonic flowwill occur abruptly as a shock discontin-

uity. This transition region isanalogous to the earth's magnetosheath and
consists of hot solar wind plasma at a temperature of possibly 20 eV or

higher. The plasma in the transition region is heated by extracting energy
from the bulk flow and partially converting it to thermal energy of the
ions and electrons. (Cosmic ray heating may also be important, though
such an effect has not yet been established). Thus, the interplanetary
plasma referred to consists of two distinct types: one is inside the solar
system with I - I0 eg and one is located beyond the heliopause with T - )0
eV or higher.

Interplanetary space is filled with, in addition to charged particles,

neutral hydrogen and helium which are inflowing from interstellar space at
a velocity V - 20 km s-1. Density of the local interstellar gas is O.l cm-J
for hydrogen and 0.01 cm-) for helium. The neutral gas is observable pri-
marily by resonance scattering of solar lines. Because of the low inter-
planetary plasma temperature, and density, particle e_citation of the neu-

tral gases is not an important excitation process in interplanetary space.
However, plasma particles can cause (I) ionization of the interplanetary

gases through charge exchange and electron ionization and (2) a temperat-

- --19--



ure increase of the interplanetary gases through elastic collisions." '
Through the interplanetary UV spatial distribution and emission line pro-
files, one can determine the interplanetary plasma density and its thermal
characteristics. The effects of ionization on the UV g_ow of the inter-

planetary gas are quite significant. For large loss rate profiles, not
only is the absolute emission intensity reduced signlficantly but the peak
intensity is shifted to a lower wavelength. Since the __enlzatlon loss of
hydrogen particles is mostly due to charge exchange with solar wind pro-
tons, analysis of the inte-planetary H Ly-o radiation thus provides data
on the interplanetary proton flux. Both solar protons and solar electrons

can, in addition to ionizing the neutral gas, transfer kinetic energy to
the interplanetary atoms through elastic collision processes. It is esti-
mated that such heating could increase the gas temperature by several hun-

dred degrees in the upwind direction (zero angle with respect to the in-
flowing interstellar wind direction) to several thousand degrees in the
downwind direction (ref. 1,2). Thus, the interplanetary line profiles will

be broadened most significantly downwind andleast significantly upwind.

The hydrogen emission profiles can be measured by a high resolution
spectrometer such as one on the Copernicus Satellite (ref. 3) or by a photo-

meter with a hydrogen cell of the type flown on the Prognoz spacecraft
(ref. 4). From such measurements, the hydrogen temperatures are estimated
to be between 5000 and IS,DDD °K. However, due to poor photosensitivity

and poor knowledge of the viewing direction, the temperature gradient ob-
servation in interplanetary space is nut yet available. Thus, a spacecraft
mission with direct line-profile mapping should prove to be useful and int-

eresting. Such data are intimately related to the physical properties of
the interplanetary neutral medium as well as to the energy flux of the
solar wind.

At large radial distances from the sun. the transition region outside
the heliopause, the interstellar gas temperature and velocity may further

significantly alter the outflowing solar plasma. However, since the nature
of the shock front and transition region are still uncertain, the actual
effects on both the inflowing interstellar gas and the outflowlng plasma

are unknown. Their signficance may not be established until both the
Pioneer and Voyager spacecraft traverse the outer regions of the hello-
sphere, and observe the radial dependence of the distant glow.

JOVIAN PLASMA

Since the Jovian encounters of the Pioneer I0 and 11 spacecraft, the

innermost part of Jupiter's magnetosphere ( • I0 Jovian radii) is known to
have a dipole-like magnetic field, the inner portion of this region being
responsible for the observed radio emission. In the outer Jovian magneto-
sphere centrifugal force leads to the concentration of plasma in a sheet

near the magnetic equator, and e_tends to a radius of - lOD Rj.

From Pioneer IO data, the proton densities throughout the ranqe
from 2.8 to 7 R. are estimated to be about SD-IOD c_-) with thermal ener-

gies of about I0_ eV. As the distance from Jupiter increases, the plasma

density decreases, and is about I0 to IS cm-) at R - 9 Rj, and decreases

to 1 cm-* for r • 1S Rj.
The two channel broad band XUV photometer on board Pioneer-lO was the

-- 20--
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first deep space survey of XUV radiation from the Jovian vicinity {ref. 5).

The longwavelength channel detected emission shortward of 1400 A, while the.
shortwavelength channel detected _ission shortward of 80D A. Both channels

detected em{ssion signals from an extended region centered at ]o, the inn-

errnost Galilean satellite. At the time of the observations, t-he longwave-

length channel observations were interpreted as resonance scat%erinq of

solar Lo by atomic hydrogen in ]o's cloud, while the shortwavelength emiss-

ion was interrupted as arising from the radiative decay of excited atomic

ions, produced by electron impact. Subsequently, observationsCfrom a high

resolution spectrometer on the Voyaqer spacecraft (ref. 6) have confirmed

the presence of strong XUV emissions inside ]o's orbit. They detected the

H Ly-_ line, in addition to the dominant SIll, SIV and Oil] lines. How-
ever, the Jovian emission intensities at the time of the Voyager encounter

are at least a factor of two larger than those observed during the Pioneer
TO encounter. Moreover, the emission signals observed by Voyager l are

from a complete torus, in contrast to a partial torus ( -120 °) observed by
Pioneer TO. These differences in the XUV emissions may reflect dramatic

time variations in the Jovian plasma's condition. In fact, from the ob-
served S]II emission Broadfoot et al. (ref. 6) have derived a plasma temp-

erature of " TO eV and an electron density of 2000 cm -i, consistent with the
direct measurement from a plasma analyzer on board Voyager I. However,

these plasma characteristics are quite different from the plasma conditions
at the time of the Pioneer TO encounter, the reported results being

n - 50 cm-3 and T = IO0 eV. Thus, it is evident that the Jovian plasma-

sphere is quite variable and that XUV observations yield useful data for

diagnosing the oiasma characteristics.

Clearly astrophysical sources provide opportunities to study plasma

in a physical environment difficult or often impossible to provide in re-
search settings of laboratory scale. Plasma studies by sophisticated space

flight equipment are really just beginning but it would appear that a de-
tailed study of the various sources of plasma in space can and will provide

interesting and useful fundamental data on atomic systems.
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ABSTRACT

An improved model of the interplanetaryemission profile is presented. In this model v.e utilize a
nev" version of the modified Danb)-Camm velocity distribution function to calculate emission
profiles, and it appears to be ver) efficient. Using this model, the h)drogen L'_ profiles are
determined for various viewing directions, and at a solar distance of 1 AU. It is found that the
linev.idth of the emission profiles and their Doppler shifts depend strongly on the viev.ing
direchon, as v"ell as the assumed interstellar temperature. Pre,dous determinations, of the
interstellar temperature T Oand the inflov.' velocity I"b. using approximate theoretical hydrogen
profiles, are found to be inadequate. These values are recalculated and are determined to be
To=7000___ 1200K and i_,= 19+__3kms-t

Subject headings." interplanetary medium -- interstellar: matter -- uhraviolet: spectra

I. I._TRODtCTIO_.

Adams and Frisch (1977) v'ere the first to measure
the h)drogen emission profile bx using a high re-
solution spectrometer on the C,pcrnicu+ satellite.

From these data the) have deduced an inflov" velocity
for the local interstellar h)drogen gas of 22_+
3 km s-]. But, the inflov, xelocity the)' determined
is based on an approximate theoretical model in v.hich
the interplanetary temperature is assumed to be uni-
form and the decrease of the bulk velocity due to high
temperature (random motion) effects was not con-
sidered. Hogever. as Wu and Judge (1979a) have
calculated, because of the effects of solar gravity, and
ionization loss due to charge exchange and photo-
ionization, the hydrogen gas temperature can var.v
significantly in interplanetary space, and the random
motion can decrease the gas bulk velocity consider-
ably. Thus. the inflov.' velocity deduced by Adams
and Frisch is subject to modification. Bertaux et al.
(1977) used a photometer with a hydrogen cell on
Proyno- 5 to measure the line gidth of the emission
profile to determine a temperature of 8800 _+ 1000 K
for the emitting interplanetary gas. Hov.ever, because
of the mndification of the gas velocity distribution as
it passes through the solar system, the temperature
Bertaux et al. determined cannot be identical to the

interstellar temperature at "'infinity".
In this work we present an accurate theoretical

model for calculating the interplanetar) emission
profiles. This model uses a new version of the modified
Danby-Camm formula (Wu and Judge 1979a)to
describe the velocity distribution of a high temperature
interplanetary gas. Here modification of the velocity
distribution due to solar gravity and ionization loss

effects has been properly taken into account, az
resulting theoretical hydrogen emission profiles
various viev.ing directions are compared b'it
observed profiles of Adams and Frisch (1977
Bertaux (1977). The present results provide imp
velocit) and temperature values for the ioc
terstellar h) drogen.

II. A THEORETICAL MODEL FOR THE EMISSION PR(

The interplanetar) gas v.'ith a velocit)distrit
function A'(r. I') at position r and v.ith velo_
absorbs the solar flux at a rate given by

VO )
_(r, I') = ao'N(r, l')-nF, vo + -- 1",

• /-0

= 2o -- x A'(r, VI.nF_. J-o--- I',
C C

where _o" = Tte2f rmc. |'r is the particle radial re'.
nF,. is the solar flux given in photons cm-2 s
frequency, and nF_. is the solar flux in units of ph
cm-2 s-_A-_. From this the interplanetary v,
emission rate at v.a,,,elength ,;.along the idirecti(
be calculated and is given by

f ,.o)_ flr.[) = P(l.r) _(r. ! v- vo +-- l'j dl'
C

v.'here P is the phase facto.r-(Meier 1977) and 1"_
gas velocity along the I direction. The I direct
defined by two angles (0,, 7_), with 0_ as the

389
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FIG. I.--The coordinate system for describing the model used to
calculate the emission profites The obser,.¢r's position is at r0
= (ro. 00) and the vlev.ing _sin the direction I Here/is spe(rific'd b)
tv.o angles (3,- 0,) and the ,_.ind direcuon is along the X-axis. The
particle_elocit._is expres_.edas I : ( I. i,. w)with its position at r
= (r. 0).

betv.een i and the x: plane, and 7, as the angie be-

tg'een the xv and h planes (Fig I j. The xelocity I'_
can be expressed as

I "j = V,(cos 0 cos 0_cos ;_ + sin O,sin 0)

- l'p[sin 0 (sin 0 cos 0_cos ;'s - cos 0 sin 0_)

- cos _ cos 0_ sin 71]- (3)

The interplanetary intensity at a'a_elength ;. and
position r is then found from the integral

IJ;'. = dA j, _(r. I)dl. (4)

The velocity distribution function N(r. V) in equa-
tion (I) can be derived by using the Danb2,-Camm
formula (Danby and Carom 1957)modified with a loss
function and is expressed by the following formula:

N(r. V) = A'o(2nKT om)- s, exp (F_ +/'2 sin ¢,), (5)

_here F t and F, are the analytic functions in terms of
the position and velocit) coordinates r. 6'. i',. !'p. and
the interplanetary physical parameters I_. To. ,8. p.
and No (Wu and Judge 1979a). Here No, To, and I 'b are
the density, temperature, and inflow velocity of the
local interstellar gas, respectively. ,8 is the charge
exchange and photoionization loss rate at a distance of
I. AU. and p is the ratio of radiation pressure to
gravitational attraction. The position and velocity
parameters • = (r, O) and V = ( V,.. i'p. @) for the par-
deles are defined in Figure 1, where • is the distance
from the Sun, 0 is the angle from the upwind direction.
I', and Vp are the velocity components along and
perpendicular to the radial direction, respectively, and

is the rotational angle about the radial direction.
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For the case in which the viewing direction/is along
solar radii (0_ = 0o and ;'_ = 0), we have I_ = 1",. B)
integrating (a over l;. the emission rate at wavelength
_. can then be calculated from

I:lad;. = "%nFi(;.)d;. P(I.r.).A'(r. l;= i'd)dr.

where

;. - 20 ne2_';.o
l'a=c_. :o=--(2KTo'n0 t :

A 0 D1C

and

r:N(r. I', = l'a) = n-3"-,Vo(m,'KT) exp (F,)I "pdl p
o

f;x exp (F: sin Ip)d_, . 161

The integration over 4' in the above formula can be
derived analytically by a series expansion, while in-
tegration over I "_,and • must be integrated numerically
(Wu and Judge 1979a. b).

For a viewing direction different from the radial
direction, we integrate (a over @ by using the Dirac

l_.dA = "!o_- _ :No(m/2KT)d).

x Pll. r)A-t _zF_. o - 1", i,

x l'odl'oexp(Ft)llp-- 1"-') -t-"

x [exp (F z sin t_o ) -4-exp (F_, sin tv_)], (71

where

A = [(sin 0 cos 0_cos _,'_- cos 0 sin t%)-"

+ (cos 0_ sin ;'_):]_ :

I 'm = A - 1 [ l "2 -- I "r(COS 0 COS 01 COS "/1

+ sin 0_ sin 0)] .

W0., =sin-t(c°s0_sinTvlA[)+sin-t(-|" 1"_),

1"_,.= [2(1 - p)GM/-] - 1",-'] t :.

if [2(I - p)GAf, rmt _ V,:] ''_ > II',,[,

= IV,,I, otherwise.

Note. the singularity at I',, in the above integration
can be avoided by changing the integration variables
from 1'_ to Up = (1/_ 2 - V,,2) t 2

The calculation of the emission profile thus invoh'es
a triple or double numerical integration (depending on
the viewing direction) which c_n be carried out either
by Simpson's integration rule or by using the Gaussian
quadrature formula. The numerical integration is set
up such that the numerical values are accurate to two
digits. The reasonableness of our calculations have
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been checked by comparing our results on the helium
emission profiles with those of Meier (1977) and are
found to be in general agreement (Wu and Judge
1979a). The accuracy is further checked by using the
fact that the volume emission rate _ integrated over 2
should be the same for all viewing directions.

It may be noted that the procedures we used for
calculating the emission profile are very similar to
those of Meier (1977). However, our expression for the
velocity distribution is from Wu and Judge (1979a),
and thus the resulting formula for the emission profile
is different from Meier's. By using our formula, the
computer time for a single line profile is less than 2
minutes on an IBM 370 158 if the viewing direction is
along a radial direction, and is less than 15 minutes for
other directions. This is compared to the required time
of 20-60 minutes on a CDC ! 604 computer for a single
line profile calculation, using Meier's expression.

111. THE INTERPLA%ETAR_ HYDROGEN

L"I EMISSION PROFILE

Using equation (6) and the physical parameters To
= 104 K. Vb = 20kms -i, No = 0.1 cm -3. nFa =2.5
x 1011cm-2s-t A -z (ju = 0.75). ,8=5 x 10-'s -I

(Thomas 1978). the in!erp!anelary H I__ emission
profiles along solar radii for various angles have been
calculated and are shown in Figure 2. In these
calculations, the solar H La line is assumed to be flat

over the spectral re,on of interest (A,:. < 0.2A)
(Thomas 1978; Wu and Judge 1979a).

Since the interplanetary glow is due to resonance
scattering of sotar lines by the interplanetary gases, the
distribution of the interplanetar) glow along various

I ]

# • 22"/ \ " -"J • !
t .., I

" 8"J':. L. t • .2 " s -_

:,

i 22.-.
f .

;F

I

1 I_-. °

2.2_ 2-- ".'_ ;2 -;'e 2_-': _ 2.2.': .-" 2. : _ .. - .... -:

FsG. 2.--The h)drogen L', emission profiles along solar radii for
_.,arious angles Here 7, is the characteristic temperature of the

indicated emission profiles The Doppler shifts due to cold gas
emission are indEated b) arro_,s and. as can be .,,_en. are qmte

differenl from the mean ,,elocit) of the indicated profiles.

directions reflects the hydrogen density distribution in
that direction. As is well knogn, the h_drogen density
decreases as the angle from the upwind direction
increases: thus. the interplanetary emission is strongest
upwind and geakest downv,ind. From Figure 2 ge see
that the line shapes of the emission profiles are. in
general, symmetric with refff3ect to the peak intensity
and can be described well b.)' Gaussian functions of a
characteristic temperature. (The characteristic tem-
perature. T_. for a Gaussian profile is related to A2. the
full linewidth at half maximum (FWHM) by T,
= me: '2K[(A;.'2)'I.665]:. This is in contrast to the
interplanetar) helium line profiles ghich are most
likely to be asymmetric (Meier 1977; Wallis 1977).

Because of the action of solar gravity and velocity-

dependent ionization loss. the _,elocity distribution of
interplanetary h vdro:gen varies with position. Thus.
the emission profile can change from a width of A;.
= 0.082_ (corresponding to 7",= 8.700K) upwind to
a width of A,;. = 0.096A (corresponding to 1-,
= 13.000K) downwind. In addition, the spectral po-
sitions of the emission profiles vary with the angle from
the upv.ind direction. Near the upwind direction.
because the mean radial velocity of the interplanetary
gas is negative, the emission profiles will be on the blue
side of the solar line center. 20 = 1215.6 ,_. Hovee,,er.
in the downwind direction, the mean radial velocities

become positb, e and the emission lines shift to the red.
The peak intensity for "the emission profile is shifted
-0.102/k in the upwind direction and is shifted
0.072 A in the downwind direction. It is interesting to
compare the above results with the Doppler shifts
expected from a gas of zero temperature.

For the cold temperature gas (zero temperature), the
Doppler shift for the interplanetary emission can be
deri_ed from

().) = __;"° Z f l"/jdl fQdl
( j= .2.

f= -- E I j,_fr" _'r'dl 18)
( j =1

where %. "_'r and i'_ are the emissivities, the densities.
and the projected velocities of the cold interplanetar).
gas. and can be evaluated from the expressions given
b_ Axford (1972). In the above equation, the sum-
mation is over j = I, 2 because there are two trajec-
tories which pass through each interplanetary point.
The resulting shifts (2) for various directions are
shogn as arrows in Figure 2. It is seen that the
wavelengths for (2) are in general at the red side of the
high temperature emission profile: the g a,,elength
differences between (2) and the profile line centers are

about A;. _ 0.01 A (corresponding to a difference in
Doppler velocity of AI/o a, 3 km s- i).

In Figure 2 the variation of the emission profiles
along a solar radius is evident. Hogever. the emission
profiles can also vary significantl) along a nonradial
direction, as illustrated in Figure 3. In this figure, ge
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figure.
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shoa the emission profiles for an observer at r t,
= i AU. 00 = 90. vie,xing perpendicular to the radial
direction and at an angle 7, = 0. 90 , and 180 _ith
respect to the upwind direction. We see that not only
are the intensities decreasing with the angle relative to
the upwind direction (7,). but the line_idth varies from
0.084A (T,=9400K) at ;q=0 to 0.102A (T_
= 13.800 K) at 7_ = 180. In addition, the Doppler
velocities for these emission profiles could also differ
from the cold gas velocities by as much as 2 km s-
(A2 _ 0.008 A).

From the above discussion. _e can conclude that the

characteristic temperatures for the hydrogen emission
profiles are in general quite different from the inter-
stellar temperature (the interplanetary temperature at
large distances). Moreover, the Doppler shifts are
usually Iov,'er than those of the cold gas of high
temperature profiles. These differences are mainl_
caused by the modification of the velocity distribution
function in interplanetary space due to the com-
bined effects of solar gravity and ionization loss. To
accurately determine the thermal status of interstellar
gas from interplanetary glo_ experiments, the em-
ission profile along the direction of observation must
be accurately calculated. The effect of such calcu-
lations on the interpretation of flight data is discussed
below.

i, IV. INTERSTELLAR TEMPERATURE

-The interplanetary emission profile was measured
by Adams and Frisch (1977) using the high resolution
spectrometer on the Copernicus satellite. The observa-
tions did not yield an accurate emission profile because

of limited photometric sensitivity. The temperature of
the emitting gas was estimated to be betv,een 5 and
20 x 103K.

An alternative way to measure the emission profile is
to use an absorption cell in conjunction with a

photometer. By comparing the measured intensity
with and without an absorbieg gas, the emission

profile can be determined. From such an absorption
cell on board the Soviet probe Mar 7 (Benaux et al.
1976), the interplanetary temperaaure was determined
to be betg een 6 and 13 x 103 K. The uncertainty in the
above observed temperature is caused by the poor
knowledge of the direction of sight. Recently an
observation from the Soviet spacecraft Progno- 5
(Bertaux et al. 1977) also utilized an absorption cell
and yielded a much more accurate interplanetary
temperature of To = 8800 + 1000 K.

The Progno- 5 data gere obtained on 1976
December 1. ghen the Earth was in the direction ,7

h_= 67._and 6 21-.'8 relative to the Sun and v,as nearh-
opposite the upwind direction (r o = 1. 0o = 180:).
while the photometer was viewing in a direction
perpendicular to a solar radius (0, = 90 ). For this
viewing geometry, the expected emission profiles for
various interstellar temperatures To can be calculated
from equation (7) and are shown in Figure 4. Ascan be
seen. the emission profile for TO = 7000 K is very close

i
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< " i I
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FiG. 4.--The observed and theoretical line profiles observed b._

the Pro#no" 5 spacecraft. The theoretical profiles are calculated for

four different temperatures: T O = 104. 8"800. 7000. and 5000 K The

other parameters are _=0.75. ,8=5 x 10"6s-_ and I,

= 20 km s-_. The dashed curve is th7: profile for an ob,,er_ed

temperature T = 8800 K (assumed to be Gaussian). In this plot. the

,,,.a',elength is expressed relative to its line center, and the profiles

ha_,e been normahzed to their peak intensit).
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TABLE I

THE CHARACTERIS'[I( TEMPER&TL RI FOR TH! HSDROGEn
EMISSIO =, PROFILE AT r = I AU. 0 = 180 . %'It:_£D

PERPE',,DICULAR TO THE RAI)I*&L DIRI-CI"ION

PARA METERS CH _.R _(-IERISTIC

TEMPE-RATLRE

To v. _o T_
(K) (kms -l) (s -_) p (K)

104 20 5 x 10-" 0.75 12t_O0
8800 20 5 x 10-" 0.75 10500
5000 20 5 x 10"" 0.75 6300
7000 20 5 x tO-_ 0.75 I_500
7000 20 5 x I0-" 0.6 9400
7000 20 6 x tO-" 0.75 8100
7000 I7 5 x I0- " 0.75 8900

to the Gaussian profile for T, = 8800 K. But the
profiles for other T O xalues are either too wide or too

narroa to fit the Gaussian profile.

In the abo_,e calculation of the emission profiles, we

assumed the physical parameters p = 0.75. ,8= 5

x 10 -_' s-t.and 1_ = 20 km s-t. Howe_er. it maybe

noted that at the time of the Pro qnoc observations

(1976). solar activity was near a minimum: the solar H

L:t flux averaged over the year may be about 1.9

x 10 _ photons cm-" s- _ (VidaI-Madjor 1975). and

thus the etTectixe p for H atoms may be as Io_ as 0.6.

Moreoxer. possible _ariations in the ionization loss

rate _ and the infloa velocit._ I_ ma_ also cause

uncertainD in the determined characteristic tempera-

ture. In Table 1 _e show the resulting characteristic

temperatures T, for the emission profiles _hich result

for xarious ph._sical parameters, it is noted that the

temperatures 1", are al_avs larger than the interstellar

temperature To b_ at least 1000 K. Thus. the assump-

tions bv Bertaux et al. (1977) that the emission profile

at each point of the solar s_slem is characterized b.,, a
temperature To cannot be correct. From Table I we

also see that for various possible physical parameters.

the characteristic temperatures, corresponding to To

= 7000 K differ from 8800 K b) no more than 700 K.

Therefore. including the observational error ( 1000 K ).

we ma_ determine from the Pr,,.qno: observation that

the "" local'" interstellar gas (in the distant region of our

solar system) has a temperature of 7000 4- 1200 K.

%. VEL(.KIT3 OF THE INI-LO_,I%(i INTERSTLLL-_R (,AS

The high resolution spectrometer on the Coper,icu._

spacecraft (Adams and Frisch 1977) was the first to

measure directly the relative velocity of interplanetary

gas. During the period of 1975 April 21-26. the)'

observed a Doppler shift of A;. = -0.188 A for the

emission profile viev, ed in the direction :t = 263.h75. b

=-8.3. After correcting for the Earth's orbital

motion, the heliocentric velocity of interplanetar) gas

corresponding to the observed Doppler shift was

found to be -24.1 km s -t. From these data. and by
employing an approximate function for the velocity

distribution of interplanetar) gas. the) obtained a

value of I_ = -22 +__3 kms-' for the infloa _elocit_

ofthe interstellar gas. As v.e ha_e mentioned, hov, ever.

the approximate velocity distribution v, hich the,. used

assumed that the interplanetary gas had a uniform

temperature T o and ignored the effect of finite

temperature on the bulk '._locity of the atoms" thus.

the inflow velocity deterrmned by Adams and Frisch

(1977) is subject to error.-

The expected emission profiles for Copernicus ob-

servations calculated from 6ur accurate _ elocit._ distri-

bution functions (eq. [7]) are sho_n in Figure 5 In

these calculation. _,e used the _h_sical parameters 1_
=20kms-l.,flo= 5.5 x 10- s:-l. and p =O6. and

- the wind direction a = 265 and 6 = - 23 . a hich are

the same as those adopted by Adams and Frith

(1977). From Figure 4 v,e see that the peak intensitx for

the profile is at -0. i01A for T O = 7000K and is at

-0.104 A for To = 10=K. The Doppler shifted veloc-

ities at the corresponding _axelengths are i D =

-24.9 and -25.7kms -_. respectixeb. Thus. the

Adams and Frisch theoretical value of I"D = - 23 km

s -_ for a gas temperature To = 10 "_ K differs from the

present result by about 2-3 km s-t. The difference

is mainly caused by the inaccuracx in the velocitx

distribution function used b)Adatns and Frisch. as

i ''" _ 12_1 [ _ S 1 !

7
' 000 K

-- "tO: 1_4 K

_ A

g ,

• _ _ m

:,-.:__:',3"-''.t) Ak: _-_c

l-It, 5 The Ihcoret_cal em_s_,on profiles for the Copermcu_,

ob,,cr,.at.m The profile, arecalculaled for I_o temperatures. T.

= 7OOOK and 104 K. and park"meter.,, l" b= 20kms-_. _ = 5 5

,, 10 s '. p =06. and :%'o=-0.1cm-S. The ob_rsed Doppler

_.eloc_t._ I _, = - 24 I km s" _ from, Adams and Fr=_ch ( 1977_ _s nl_,

md_cated m th_s figure The points marked b> , are Ihe result for T,

= 104 K from an unpubhshed report b_ Me_erll9"% and. a,,can be

yzen. a er_ qune _ell _.ith the present calculat=ons
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TABLE 2

THE EXPECTED F)OPPLER VELOCITIES FOR THE EMISSIO'_ LI_E

OBSERVED BY THE COPERNICUS 'PHOTOMETER"

PHYSICAL PARAMETERS

DOPPLER SHIFT

1: To # ;'_
0cms -l) (K) (10-'s -I) /J 0cms -I)

20 0 5.5 0.6

20 0 5.5 08
20 0 5.5 0.6

20 10" 5.5 0 6
20 7000 5.5 0.6

20 104 5.5 08
20 7000 5.5 0.8

20 7000 6.5 0.6
20 7000 4.5 0.6

19 7000 5.5 0 6

18 7000 5.5 0.6
18 104 5.5 0.6

20 5000 5.5 0.6

-23.5
- 21.4

- 23.3
-25.7

-25.2
- 24.2

-237
- 24.2

-25.3

-24.2
-23.5

-239

-249

• The interstellar v.ind dzrection is assumed to be • = 265 _. 6 =
-23 .

To further improve the accurac_ of the inflo_
velocity, the possible variation of the physical param-
_'iC|S. _,ULII d3 IUIIILdLIUII li:ll.C', ldUli:l, ttOll ptebbure and
temperature, which affect the profile's Doppler shift.
must also be examined. In Table 2. v,e sho_ the

Doppler velocities for the expected profile for different
physical conditions. As can be seen. the Doppler
,.elocities I'D for T O = 0 K are quite different from
those for T O = 7000 or 104 K ; the random motion of a
high temperature gas shifts the peak intensit) to a
lov, er velocity by about 2-3kms -_. For a high
temperature gas with 1_ = 20kin s-_ the Doppler
velocities due to a variation in p and ,6 lie bet_een - 24
and - 26 km s- J. Thus. the Copernicus observation of
I'D = -24 +_ 2.6 km s- ' suggests an inflog velocity
I'_, = 19 _+ 3 km s-'. Note in the above calculations
that the wind direction is assumed to be :c = 265 h. Dec

= - 23 , which is based on the observed H L:_ sky map
(Fahr 1974). Ho,_ever. from the He 584 sky maps. we
note the aind direction is :c = 252 h. fi = - 15: (Weller
and Meier 1974). The possible error in 1'_,caused by the
uncertainty in the wind direction (i.e.. the difference
between the above He and H flay,' directions) is
calculated to be --- - 0.2 km s- t and is negligibb small
compared to the uncertainty. AI" D = 3 km s- 1.
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Vl. SUMMARY

We have developed a ne,_ model for the inter-
planetar5 emission profiles and. from this. calculated
the hydrogen profiles for various viev.ing directions.
Comparing the theoretical profiles with the existing
observations, we have determined that the interstellar
gas temperature is To = 7000 5:1200 K and its inflog
velocity is l"b = 19+ 3kms- _. These values are

considerably different from the previous values of T O
= 8800__,_ 1000K and I_=2"2_4- 3kms-_, _hich
were determined by an approximate theoretical emis-
sion profile.

In our calculation of emission profiles, we have
considered the modification of the gas _elocit} distri-
bution by the action of solar gravit) and ionization
loss: but. the possible modification b)elastic collision
with solar protons and electrons has not been included.
The effects of electron heating of the interplanetar.v gas
have been discussed by Wu and Judge ,(1978). Ho_-
ever, the importance of proton heating still has not
been unambiguously determined (Holzer 1977). In
addition, there is an uncertainty in the interplanetary
gas density distribution due to (I) the temporal vari-
ability of solar radiation pressure and loss rates: and
(2) the solar latitude variations of the solar wind
plasma and L_ flu_,:es (Ho!zer !977). Further refine-
ment in the present model of interplanetar.v emission
profiles b} including the effects of collisional heating
and considering the time and latitude dependence of
the solar wind and L'7 fluxes is desirable. It may also be
noted that the present analysis of the interstellar
medium is based on only t_'o separate observations.
both of which were restricted to a distance of 1 AU. It
is thus clearly important that the temperature and
velocity so determined be confirmed b} further exten-
sive observations. A spacecraft mission with direct line
profile mapping to determine the Doppler shifts and
the temperature gradient in interplanelar._ space
_'ould be most useful• Such data would provide not
only an accurate description of the thermal status of
the local interstellar medium, but a determination of

the effects of solar wind heating of the interplanetary
medium as well.

This _ork was supported b} contract NAS 2-6558
with the NASA Ames Research Center. The authors
thank Dr. R. R. Meier for sending us an unpublished
report and for his useful comments on the present
_ork.
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Pioneer II Ultraviolet Photometer Measurements of the Saturnian System

D. L. Judge, F. M. Wu, R. W. Carlson

Abstract presented at the Fall Meeting of the AGU, San FranciscO, 1979.

Titan, the rings of Saturn and Saturn itself were observed with the

Ultraviolet Photometer aboard the Pioneer Saturn spacecraft during the

September l, 1979 flyby. Emission from all three objects was detected

by the long wavelength channel of the two channel photometer. This

channel includes the Hydrogen Ly-_ wavelength and the major source of

the observed glow is attributed to the atomic hydrogen resonance emission.

A possible short wavelength emission from the disc of Saturn has also

been observed. The spatial distribution of the observed sources, their

brightness, and the implications of the observations will be discussed.
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Ultraviolet Photometer Observations of the Saturnian System

Abstract. Several interesting cloud and atmospheric features of the Saturn system

have been observed by the hmg-.'avelength channel of the t.-o-channe/ u/trariolet

photometer aboard the Pioneer Saturn spacecraft. Reported are observations of the

most obrious features, inc/uding a Titan-associated cloud, a ring cloud, and the

variation of atmospheric emisshm across Saturn's disk. The long-wavelength data

fi_r Titan suggest that a chnad of atomic hydrogen extends at h'ast 5 Saturn radii

along its orbit and about 1.5 Saturn radii vertically. A ring chmd. thought to be

atomic hydrogen, has also been observed by the Iong-.'avelength channel of the

ph.tometcr: it shows significant enhancentent in the vicinity of the B ring. Final/.v.

spatial/3 resolved obsc'rvation._ of Saturn's dis_ show significant latitudinal varia-

tion Possible explanations of the variation include aurora or limb brightening.

The ultraviolet photometer on Pioneer

Salurn covers two broad spectral regions

(/. 2). The short-wavelength (ks) band is

sensitive only to emissions shorlward of
about 800 A and includes the 584-/_ reso-

nance line of helium. The region of sensi-

tivity of the long-wavelength (kL) chan-

nel includes the hydrogen resonance line

at 1216 /_. The instrument design was

based on the assumed dominance of hy-

drogen and helium gases in the Jupiter

and Saturn systems. Accordingly. the

emission signal in the kL channel is inter-

preted as resulting mainly from hydrogen

emission at 1216 ,/_. while the signal in

the ks channel is considered to be due to

helium emission at .584 ./_ and perhaps

other species that emit shortward of
- 800A.

The field of view of the photometer is

limited by a mechanical collimator

_hose optical axis is oriented at an angle

0o = 20* with respect to the spacecraft

spin axis. The scanning motion that re-

sults from spacecraft rotation s_.-eeps the
field of viev, over the surface of a .40*

cone whose vertex is on the spacecraft

spin axis and _hose axis of symmetry is

oriented along the spin axis. The spin

axis of the spacecraft is parallel to the

spacecraft-Earth line. Figure I shows the

trajectory of the spacecraft and the field

of view of the photometer projected on

the Saturn equatorial plane near the Sat-

Fig. I. Viewing hy-
perbolas in Saturn's
equatorial plane as
seen from above Sat-
urn's north pole. The
width of the hyper-
bolas represents the
l" cone angle width
over which the pho-
tometer is sensitive.
The view in the plane
of the satellite orbits

corresponds to seven
different spacecraft
positions indicated by
the seven hyperbolas.
Titan is at position I
when the photometer
vie_ is that indicated

by h_pcrbola I.

,ZT,_: _gLi _ '

.......... \ ,,. / /

:!> /. . :G/
0036..$075'8_0125-0..131500,75_0 Copyright C, 1980AAAS
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PIOhlE[D H AI. C"I&NIVE_. I)lv 245 I_ ii TO D, 76 _ (GMT)

_, channel.
angle -- 210° is

of thetering solar

sen in an extended aT_
centeredon Titan.

geometry for the ultravioletphotometer at
t200 on day 245,as seen lookingalong the

spinaxisof the spacecraft.The dashed circle
representsthe fieldofview. The signalwas observed to extend from 160_ to240*and indicates
thattheextentofTitan'scloudis- 1.5Rs from Titan'scenter.

urn encounter. As the spacecraft ap-

proached Saturn, the photometer field of

vie_ swept through Titan's orbit, Sat-

urn's rings, and across the planetary
disk. The observed '_L signals from those

objects throughout the encounter period

are presented below. The data are pre-

Barker's identification of Ly a from the

vicinity of Titan (4).

Titan observations. Titan and its cloud

were in the field of vie_ during most of

day 245. Emission signals were detected

when Titan was in the center of the field

of view (0 = 20_1 on da) 245 at 1400

sen,ed as the obse_a!ions _'ere made, and !530 Spacec.,'a_q Universal Time.

moving from the outermost feature, Ti-
tan. to the innermost feature, Saturn. In

all cases, the observed emissions are as-

sumed to be due to an atomic hydrogen

Lyman a (Ly a) glow in a tenuous atmo-

sphere or cloud, consistent with the

spectroscopic observation of Saturn and

its ring system by Weiser eta/. (3) and

However. the disk itself v, as not an obvi-

ous feature (Fig. 2). In addition, continu-

ous emission signals _ere obserx ed from

2300 on day 24.4 to 1330 on day 245. with

the maximum emission occurring at

about 1100 on day 245. _hen Titan's disk

was about 2 Saturn radii (Rs) outside the

field of vie_. For the period before 2300

_ A Day 244 _l_:g

S57-15&2_

• o • rs G? .tb.-r 3_r

15 .r3. i5,$4 _

°'_% ±, i&.O$- I_,:&_

CLOC_ =_,:,L[ (oeg)

_ iiLz_. 16.3 ;__

-_L • "

C'¢c.,,e_,gl,. I*e,,NI he Dill I_ S - l? II_

: ! , I , l , l _ I _ ! _ I I I i I
40 II1:. IZO I¢_ EOG 24@ 2_ _

CLOO( ANGLE ('_e_)

Fig. 4. (A and B) Emission signals from the vicinity of Saturn's rings. The emission features at
clock angles - 40- and - 180' are interpreted as resonance scattering of the solar Ly o line.
suggesting a torus of atomic hydrogen.
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ol, u_t)' .; . the quaHt) OJ the {ransmitled

data from the spacecraft v,as poor. and
no useful data are available. Moreover.

no continuous emission signals v.ere ob-
served from 1330 to 1700 due to back-

ground noise. The lack of a clear signa-

ture during these periods precludes a

single interpretation. Short-term tempor-

al variability of emission from a Titan-as-

sociated_cloud is one possibility, al-

though afiasing by the time-dependent

backgroutld noise seems a more likely

explanation. After 1700 on day 245, the

field of vfeg moved away from Titan's

orbit, and no torus-associated features

were observed. The Titan-associated

emissions are most likely due to the scat-

tering of the solar hydrogen Ly a line by

an atomic hydrogen cloud along Titan's

orbit. These results are consistent _ith

the tentative identification of a cloud by

Barker (4). who found a properly Dop-

pler-shifted Lye signal ghile vieging

just inside Titan's orbit with an Earth-

orbiting ultraviolet spectrometer. The

apparent width of the emission signal

suggests that the vertical extent of the

cloud is about 1.5 Rs (Figs. 2 and 3).

signals suggests that the emitted cloud

extends at least 5 Rs from Titan's

disk. The full extent along the orbit could

be much greater, but the present obser-

vations would suggest a weaker glow at

angular distances greater than the above.

The plasma density at Titan's orbit is

estimated to be about 5 cm -a or less (5).

For corotating plasma (velocity V = 200

km see-')at the radial distance of Titan.

the lifetime of local hydrogen atoms

against charge exchange is estimated to

be about 10: seconds---quite large com-

pared to the Titan's orbital period (4 x

10" seconds). The lifetime of hydrogen

atoms before photoionization is about

2 x 1(7 seconds, which is longer than

the lifetime before charge exchange by a

factor of 20. Thus Titan's apparent hy-

drogen cloud would be expected to form

a complete torus, and indeed, emission

has been detected _ 5 Rs from Titan and

along its orbit, but the limited amount of

data preclude a more definitive state-

ment on the spatial extent of the cloud.

Furthermore. the brightness of the ob-

servable source has not yet been deter-

mined begause of a sensitivity change in

the _L channel during the encounter _ith

the Satu_ system.

Ring emission. Seseral Saturn radii

outside the A ring. there is a v, eak glov,

that may be associated v, ith the ring

atomic hydrogen. The gloa is brighter

near the rings, suggesting that the,, are a

significant source of atomic hydrogen.

The glow, does not seem uniform in the
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vicinityof the rings: it is brightest near

the B ring. This lack of uniformity sug-

gests that the particles leaving the rings

have low kinetic energy, and continue

to orbit Saturn at distances not too

different from those at which they

_,ere formed. Photodissociation of H,O

has a significant cross section for pro-

ducing ground-state atomic hydrogen

and electronically excited OH (6). Not

all absorption processes will result in

low-energy hydrogen, however, and

this may account for the relatively

weak extended glow. In the present dis-

cussion we report only the clearly ob-

served B ring observations.

The most obvious emission signals

from the vicinity of the ring plane were

observed beginning at 1520, _'hen the

spacecraft was about 0.65 AU from the

inner edge of the B ring. Prior to this, the

signal-to-noise ratio was less than 1, the

noise being about 4 count/see in this peri-

od. The signal intensity increased as the

spacecraft approached the B ring (Fig.

4).

The signals before 1600 _ere at clock

angles from 120 o to 240 °. _,here the field

of view crosses the inner portion of the

ring plane and its vicinity. The observed

signals were centered at 180 c. suggesting

that the region of maximum intensity is

about 0.2 Rs under the B ring plane

(Fig. 5). However, only the weak back-

ground signals were detected at _ 300 °,

v, here the field of view crosses the

outer portion of the A ring plane.

At 1600 and later, the spacecraft flew

very close to the B ring and was under its

inner edge. Not only did the signal in-

tensity increase significantly, the signals

from the B ring were resolved into two

sectors, one at a clock angle of _ 40 ° and

another at - 180 °. These observations

are consistent with arguments that the

emissions are from the region close to

the B ring and with a vertical extent

of _ 0.4 R., (Fig. 6).

Strong Ly a radiation from Saturn's

vicinity has been observed from a rock-

et-borne spectrograph (3). Our measure-

ments confirmed the presence of such ra-

diation and provided spatial resolution

not possible in the sounding rocket ob-

servations. Moreover, our results show

that the "most intense emissions probably

result fl_om resonance scattering of the

solar L y a line by atomic hydrogen in the
vicinity of the B ring plane. Likely pro-

cesses for producing atomic hydrogen

from the ring material are (i) neutral-

ization of the Saturn photoelectron-ion

flux floging out along magnetic field lines

(7l and (ii) photodissociation of the water

ice molecules on the surface of the ring

materials (8). The presence of the most

-204-.
intense hydrogen em_ssmns near the B

ring may result from an enhanced hydro-

gen source associated with the relatively

high opacity of the B ring.

As mentioned earlier, it has been sug-

gested that the ion flux from Saturn's

ionosphere could be neutralized on the

ring material and then thermally escape

• to produce atomic hydrogen in its vicin-

ity (7). However, since the crystal-bind-

ing energy of water molecules in the ice

mantle is low (9), and since protons and

electrons can react chemically with v.a-

ter molecules (10. II). the ionospheric

particles can remove and dissociate
these molecules from the ice mantle.

Such a process may be much more im-

portant than neutralization follo_,ed by

thermal escape, but no definitive results

are available. Cheng and Lanzerotti (12)

have considered the possible "'sputter-

ing" effect ofth_e ring particles at the out-

er edge of the k ring by the trapped ener-

getic protons irrSaturn's magnetosphere.

I_v 244 16 0 M_

Fig. 5 (leftl. Viewing geometry for the ultraviolet photometer at 1530 on day 244. as seen along
the spin axis of the spacecraft. The field of view (0 -- 2(Y')crosses the ring plane at clock angles

|._0" and 34._'. Fig. 6 (_ighi). Vic_,i,lg gc,.,m¢i_y lot ihe phoiomcieK ,.,i i_ o, d,D 2.;4. as
seen looking along the spin axis of the spacecraft. The field of viev, no_. crosses the inner edge
of B ring at clock angles - 80_ and 135°. The observed emission features at clock angles - 40_

and 180_ suggest an extensive h_,drogen cloud in the vicinity of the R ring plane.

Fig. 7. Portion of Salum's
disk in the field of vie_. at

1230 on day 244.

DAY 244 12.5 HR

60

24O

6.0

Fig. g. Emission signals detected
in the kt channel from Saturn's ,_
disk. The enhancement of the £ s.c
emission signal at small and large z
clock angles corresponds to a o
slowly changing background sig- ,.s
hal.

PIONEER I_ )._CMANNEL DAY 20,4 &2.0OT0"_Ec.J H_ (GM'_ I

1"1
Solurn'$

PO*Or Re_=_

CLOCK ANGLE (OeQ)

25 JANUARY I_0 433



Ho_e,,er, such processes ahvu,,_ _,,v-

duce a hydrogen cloud wi!h a radius

larger than 2.5 Rs and therefore could

not account for the observed B ring

emission.

Saturn emission. The ultraviolet pho-

tometer scanned across Saturn's disk

during the period from 1000 to 1400 on

day 244, when the spacecraft was about
"/.2 to 3.5 Rs from S_turn. During this pc.

riod, the equatorial region of Saturn's

disk was in the field of view at a clock

angle of - 170 °, and the whole disk sub-

tended an angle that varied from 30 _ to

60 ° (Fig. 7). The observations show Sat-

urn emissions with a strong latitudinal

variation superimposed on a slowly

varying background (Fig. 8). The emis-

sions around Saturn's polar regions

appear stronger than the emission from

the equatorial region. This variation

could result from limb brightening of Sat-

urn's disk or auroral emission due to par-
ticle precipitation in Saturn's atmo-

sphere.

Possible emissions due to helium and

perhaps atomic ions have also been de-

tected. However, due to high back-

ground noise in our shorl-wavelength

channel, these emissions cannot be posi-

tively identified without further data

analysis. In addition, photochemical and
radiative transfer calculations for Sat-

!y interpret !heo long- and short-waveo

length observations.

D. L. JUDGE

F.-M. Wu

Department of Physics. Unit'ersio" of
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Jet Propulsion Laboratory,
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Observations of Extreme Ultraviolet Emissions From the

Saturnian Plasmasphere
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Emission signal from the Satumia.n plasmaspbere al wavelengths shonv.ard of 800 A have been de-
tected by the Pioneer ultraviolet photometer. The surface brightness of the emissions is about 0.3 ::t 0.2

R These short-,*'avclcngtb emissions art mterprctcd _ arising primaril) from the radiative decay of clec-
uon excited atomic oxy_ten ions (O°"). ua the region between 5 and 7 ,R, from Saturn "The total power

radiated by the Saturnian plasma referred from these ultraviolet measurements is ,,bout ~ 2 x 10" crl_
s-_, consistent with in situ plasma measurements. From the observed energy loss rate it ts estimated that

the ions ,,re mtroduc:e,d men the plasma tutus at t rate of 8 x 10 :_ ion.s/s, possibly through the sputtcnng
of water ice on the surface of Tethys and Dionc b) panicle u'npact.

INTRODUCTION

The ultraviolet photometer on Pioneer Saturn has two

channels, h, and X,, which are sensitive to emissions at wave-

lengths shonward of 800 A and 1400 A, respectively. An elec-

tronic switch ahernately selects one of the two channels ever),

two rolls of the spacecraft. Emission signals from Saturn, Ti-

tan, and the ring system were detected by the long wavelength

{_,D channel and were reported by Judge et al. 119791 . From

these data hydrogen clouds around Titan and the B ring have

been identified. Additional emission signals from the Saturn-

ian system have now been detected in the short wavelength

CA,)channel. The observed X, emissions appear to come from

three separate regions: the Saturnian magnetosheath, its plas-

masphere, and a cloud inside the B ring. In the present paper

we will discuss only the Saturn plasmasphere observations in

the X, channel. Obser,.'ations of the magnetosheath and the

ring's emissions will be reponod in a later paper.

A description of the ultraviolet photometer instrument has

been given by Carlson and Judge 119741 and Judge et al.

119"/6]. The field of view of the photometer is determined by a

collimator whose optical axis is oriented at a half cone angle

of Bo -, 20* with respect to the spacecraft spin axis. The spin

scanning, which has a period of about 7.7 s, aUows one 1o ex-

Ixact optical emission features in the presence of a substantial

background signal. Since the X, channel is sensitive to emis-

sions from 800 A to 200 A, it can detect the emissions from

hot plasmas, as well as from neutral species, including the 584

A resonance line of helium.

Obser_mions

"r'he size of the Saturn magnetosphere is between that of

eal'th and Jupiter, with the mean distance of the magneto-

spheric subsolar point to Saturn being about 30 R, lOpp,

1979]. During the Pioneer encounter. Saturn's magnetopaus¢

_,as crossed once at 17.3 R, on the inbound trajectory (D 243

2209 ERT) and several times at 30--40/_, on the outbound tra-

Jectory (D 24.5 0916 to D 246 0049 ERT) [ Wo/.fe et al., 1979].

Saturn's magnetosheath between the magnetopause and the

Shock regions contains shook-heated high temperature flow-

COpyright ¢, 1980 by the American Geophysical Union.

Paper number _UA0907
OJ 4h-_i33"7 !i*l_ri • _ |7If_l

ing plasma, while there is corotating magnetospheric plasma

inside the magnetopause IWo/fe et aL, 1979]. The magneto-

spheric plasma is detected mostly in the region between 7 and

4 R,, with the peaks at the orbital positions of Dione and

Tethys where the plasma species have tentatively been identi-

fied as O .+ (or O "+.) with a density between 10 to 50 cm -_

and a temperature of 2 x IOs to 5 x IIYOK [FraMe et al., this

issue]. Oxygen plasma of high temperature can provide a

strong source of radiation in the EUV spectral region (X <

1000 A) which would be detected by the scanning Pioneer UV

photometer. As the Pioneer spacecraft approached Saturn, the

field of view of the photometer, because of spacecraft spin

motion, periodically swept through the Saturn magnetosphere

and thus provided an opportunity to map the plasma distribu-

tion in the vicinity of Saturn.

The trajectory of the spacecraft and the field of view of the

photometer projected on Saturn's equatorial plane, for the

time period near closest approach to Saturn, is shown in Fig-

ure 1. The field of view is inside Dione's orbit (a dense plasma

region) as early as day 210 (D 210) and remains there

throughout most of the pre-encounter period. During this

early period and before the spacecraft crossed the bow shock

(first bow shook crossing was on D 243 at 1208 ERT) the

background count rate in the photometer's X, channel was

about 30 to 40 c s -_. Thus an emission feature of a few counts

per second could be readily recognized. However, no obvious

signals were observed until D 240 when the spacecraft was

about 70 JR, from Saturn. The possibility that very weak emis-

sions were detected beyond 70 R, cannot be ruled out, but fur-

ther analysis will be required to establish such a result.

After crossing the bow shock-7, magnetospheric energetic

particles and hot plasma signifi_ntly increased the back-

ground noise level in the X, channel. This complicates the ob-

_rvation of weak optical signals near the encounter period. A

further complication due to sensitivity degradation, coupled

with the high noise level resulted in no detection of X_ chan-

nels optical signals associated with Saturn's plasma. In the

present work we report only on the X, channel emissions de-

tected between D 240 and D 243 when the background noise

level is low.

Typical k, emission signals in the time period between D

5853
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FiB. I. Viewing hyperbola in Saturn'sequatorialplanea.sseenfrom aboveSaturn's north pole. The width of the hy-
pcrbolzsrepresent5the I" coneangle width overwhichthephotometerissens,tive. Sevenviewingh_rpcrbola.scorrespond-
ing to different spacecraft t'_,sitinn_ _lre _hnw'_....']'h.e tl_o!!_d -_r. _' s_o'-".-, in t_i$ _=::r¢ i; ;.he. i'£_iOn _,hcrc the piasmasphcre

emissionis observed.

240 and D 243 are shown in Figure 2. During this period, the

region inside Dione's orbit is in the field of view at a clock

angle of -300 ° (the dotted area in Figur_ I). The observations
show that the amplitude of the emission feature at this clock
angle is about 1.5 c s-_ with an uncertainty of:l: I c s-t, deter-

mined by the background noise level The low spatial resolu-
tion at these large distances from Saturn permits only a rough
estimate of the extent of the cloud's emission. The data sug-

gest, however, that the primary source is between 5 and 7 R,
from Saturn. From the published plasma analyzer data the
vertical extent of Saturn's plasma is observed at to be at least

0.4 R. above the orbital plane, but an upper limit is not avail-
able. We assume here, however, that it extends +2 R, from the

ring plane, which corresponds roughly m scale heights derived
from the ion temperature deduced by Frank ez al. [this _ue].
With the observed count rate of !.5 c s-' and the above as-

sumed cloud extent, the brightness of the cloud can be eval-
uated and is found to be about 0.3 :t: 0.2 R for photons of 500-

A wavelength. The source of this emission at 0 ~ 300 ° is pri-
marily due to electron excitation of atomic oxygen ions in Sat-

urn's plasmasphere, as will be discussed in the next section

INTERPRETATION

Our interpretation of these plasmasphere em_sions is

guided by the in situ measurements performed by the Pioneer
*i I plasma analyzer [Wolfe et aL, 1980;, Frank et aL, th_ issue].

-Analysis of these data by Frank et,1/[thk issue] shows that ahigh

temperature plasma consisting of doubly and triply ionized oxy-
gen ions (OIIL O130 is present in the inner Saturnian magnet-
osphere. Maxima in the ion densities octmx at the orbital radii of

Tethys and Dioae (4.9 and 6.3 R, respectively). The region

from 4-7 R,, which includes these two maxima, is composed
primari]y of doubly ionized oxygen (O!II). while triply ion-
ized oxygen (OIV) is the predominant ion in the region from

7-8 Rr Ion temperatures in these regions range from 2 x
10_°K to 5 x 106°K 07-430 eV).

Emission lines of ioni2ed species such as OI11 and OIV gen-
erally occur in the extreme ultraviolet: in fact most of the

dominant features from O111 and OIV occur within the spec-
tral range of the short wavelength channel of the ultraviolet

photometer. A variety of excitation mechanisms are capable
of producing these emissions, but the most important process

for the observed plasmasphenc emissions is probably electron
excitation, with minor contributions from resonance scatter-

ing and radiative recombination. The relative importance of
these processes is evaluated in the fonowmg paragraphs.

The radiative cooling rate, p, for electrolaically excited tra.n-
sitions of OIII and OIV plasmas has been computed by She.
manstyi1980]. For the plasma temperatures of interest here, a

typical value for the total ultraviolet emission rate is p - 2 x

10 -'° erg cm ) s-'. If the average photon energy is 20 eV (= 3 x
10-" erg) and if the electron density is tel ~ 80 cm -s (appro-
pilate for the Saturn ion torus), then the total ultraviolet pho-

ton emission rate per ion is _,, = O_/h_) tel - 5 X [0-' s-'.
Emissions from the Saturn plasma lotus can also be pro-

duced by resonance scattering of the incident solar ultraviolet
flux. In particular, the 3P2-3Pz" transition of O11I is in neat
coincidence with the intense solar He tl line at 303 ._, [c.f.

Carlson, 1972]. The excitation rate per ion at Saturn is found

to be J,# - 3 x 10-' s-', which was derived by using the he-
lium line width and intensitx measured by Cushman et at.

[197.5] and atomic parameters presented by Carlson [19"/2|.
This is much smaller than t_ electron excitation rate dis-

cussed above. Similarly, resonance scattering of the solar OI!1
g34-A lines is expected to be much less than the electron ex-
citation rate. The contribution to the ultraviolet emission rate
from radiative recombination car, be estimated as follows: if

recombination proceeds with a rate coef_cient of a - IO"'J

cm I s -t [c.f. Allen, 1973], and if each recombination leadS to

emission of an ultraviolet photon, then the emi_ion rate is t,
- a [el ~ 10 -tt s -t. This is again much smaller than the dec-
iron excitation rate. We therefore conclude that the dom inant
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FiG. 2. Emission signals detected m the J_,channel from the vi_n-
ity of Saturn's magnetosphcrc.The sit,hal at• clockangleof 300= is
interpreted a_sradtative decay of excited atomic oxygen ions (O*") in
an extended rcfion ins,de D,one's orbitThe feature at • clock antic
of 200', in view of its larfe angu|ut extent, may be optical emissions
or morel 2, background variation, and further investigation is required
Tbe time indicated in this figure is spacecraft universal ume. which
differs from _e earth reo_tpt time by 1.4 hours

process which produces the observed Saturn plasma.sphere

emission iselectron excitation.

If excitationby electrons isassumed to be the primary ex-

citationmechanism, then the spectralfeatureswhich contrib-

ute to the observed signals can be predicted.Voyager UVS

measurements of the Jovian lotus sho_ rich and complex

spectra,and one can expect similar chara'cteristicsf_om the

Saturn lotus Sheman_k)"s calculationsof oxygen ion cmis-

ston ratesshow that the radiativeencrg) lossrateisprimarily

through uh_aviolet cmis.sior_prmcipall) in the muhiplets

Listedm Table I.Radiative lossratesare shown for two differ-

cot electron temperatures: 10S"K and 10_°K. Electron temper-

atures in the Juphcr lotus appeaLao be lessthan the corre-

sponding ion temperatures [Barbara and Kurth. 1979, Slrobel,

1980;Sullivanand Siscoe,1980].so'thelower temperature case

isprobably to be preferred.Compari2ons of the.,.ecrnk,,sionrates

and the relativeinstrument responge (seeTable I) shay,',that

over one half of the energy radiated b)'plasma at l(r'"K.,and

about one thirdat 10_°K. occurs m the spectral"region of the

J_,channel.

Itisof interestto estimate the po_er being radiated by the

plasma. Assuming that the lOtUS is four Saturn radii in total

vertical extenL then the mean briEhmess ob.,.erved is 4.-.I -

0.3R. With a path length of 6 R, through the torus, and with

an average photon energy of 20 eV, then the observed volume

emission rate ofenergy is - 3 x 10-" crg crn -3 s -t. For a torus

extending radially from 5 R, to 7 R,, and taking into account

the instrumental response, the total radiated power inferred

from these ultraviolet measurements is - 2 X l0 t` crg s-' (2 x

l0 ¢ W). A similar estimate results from the in situ plasma

measurements, For an ion density of 40 cm -_ [Frank e! aL.

this issue], an electron density of g0 cm-_, radiative cooling

rates given in Table l and similar to the above torus dimen-

sions, one finds an energy lossrate of 2-4 X I0'* erg s-' de-

pending upon the electron temperatures. This agrees with the
uhravinlet-derived estimate to within a factor of two.

These energy loss rates perhaps can be used to infqr charac-

teristics of the ion source. It is thought that the energy source

for the Jovian torus is the gyration energy of ions created

within the magnetosphere. A neutral oxygen atom in Kepler-

inn orbit around Saturn, when ionized, will possess roughly

110-225 eV of energy relative to the frame of reference co-ro-

tating with the magnetic field (assuming a 10"7 magnetic ro-

tation period IKaiser e: al., 1980] and ionization occurring in

the range 4.9-6.3 R,). If the observed energy loss rate matches

the energy input of ions created with an average energy of 150

¢V, then approximately 8 x i(P ions must be introduced into

the torus each second. This is much greater than the source

flux estimated by Frank et al. [this issue], who found fluxes of
1.5 x IO2-'--I.5 x I0 _* ions s-' based on estimates of inward

TABLE I. Prominent Spectral Features Predicted for the Salurn Torus

Radiative Radiauve
Coolmg Cool_

Rate, Rate, Relative

WavelenGth. p, at 10_ K, p, at 10e K Instrument
Ion Transition A cr Gcm _ s-' erGcm _s-_ Response

O111 2/_ )F-2._ _ _Su 50g 2 X 10-_' 8 X 10-_° 1.00
2/¢sp--2p__/Y_ 833 5 x I0-:_ 7 x I0-:_ _.02
2#'_-_": _o3 3 x 10-_ 6x 10-_ 0.20
2p_p-3_p _ 374 0.2 x 10-_n 3 x 10-_° @.62
2_)p-2p _ tD 4950 2 X 10-_ I X 10-x' 0.00

Sum ... 12 x 10-_° 25 x 10-a° ---
OIV 2t,_p"-2p_p 335 4 x 10-_' 12 X 10-_° 0.92

2p_pn-2p::D 790 3 x I0-z_ 4 x I0-_ 0.08
2/,_p"-2p: _$ 609 I x l0-:_' 3 x 10 -_ 0.50
Sum .-- Gx 10-_° 20 x I0-_' --.

These features were ha_ed on calculations by Shemonsky [1980] 1_c relative instrument response was
oorm_,hzed to the 508-A mul,plet
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diffusion Io_._s. However, outward diffusion "in the Juphcr

Iorus is mote than an order of magnitude greater than in,,,,ard

diffusion [Richardson el aT, 1979]. Therefore the pla,_ma esti-

mate,, by Frank el aL [this issue] may b¢ too low. It may also

be noted that the plasmaspher¢ may be = very dynamic phe-
nomenon, and average flux estimates cannot be derived from

our limited data.

The source of atoms which produce 1he toms b subject to
speculation. Since ion densities are maxisnum at the orbiu of

Tethys and Diane. then it is natural to assume that these satel-

lites _,re the initial sources. This is plausible since they are

thought to possess icy surfaces [Cru//cs/,ank, 1979], but the

mechanism by which material is introduced into the torus is

unclear. Sputtering by high-energy particles appears to be in.

sufficient. Using high-energy proton flux values of - IOs cm -=

s-' [Trainor et oL, 1979] and sputtering yields of 7 - 0.2

atoms/proton [Brc_v= et al.. 1978]. then only - 1021 atoms s"

will IN: injected into the magnetosphere. Photo sputtering

[Carlson,1980] could be a source of OH, which may be sub-

scquently dissociatedand ionized. However, the yieldisonly

- 2 X I0a" s-'. a factor of 40 less than requu'ed. Sputtering
could also occur by impact of the plasmaspheric ions and elec-

trons themselves. Sputtering yields are significant for heavy

ions with several hundred electron volts of energy (as is the

case for co-rotating oxygen ions). However. the plasma.spheric

ions with a sputtering yield of unity would produce only ~ 3

X l0 a' s -t. The plasmaspheric electron flux is about l0 '° cm -2

s-' [Frank et ai., this issue] and is quite large in comparison

with the low-energy proton flux of ~ 6 X 10' cm -z s-'. With

an assumed sputtering yield of - 0. I atoms per electrons, the

plasmaspheric electron flux would produce an ion flux of

-10 -'_ ions s -t from Tethys and Dione's surface, a number

consistent with the observed energy loss rate_ However, the cl_i-

cicncy of removing H:O molecules through electron impact

has not been established. Laboratory data are requLred In con-

form whether this physical process is imponanL It may be

noted that bombardment of Europa's suffice by Jovian plas-

maspheric protons and electrons had been suggested by Wu et

al. [1978] as a possible process for producing an observed oxy-

gen cloud at the orbit of Europa. If sputtering by the plasma-

spheric particle is the means of populating the torus, then this

regenerative situation could lead to an unstable and highly
variable plasmasphere.
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SURVIVAL PROBABILITIES FOR INTERSTELLAR HYDROGEN

FLOWING INTO THE INTERPLANETARY SYSTEM FROM

FAR REGIONS OF THE HELIOSPHERE

"L

JOSEPH A. KUNC

Space Sciences Institute. Uni_ersit) of Southern California. Unkersitv Park. Los Angeles.
CA qffb_07, U.S.A.

(Recez.¢d 14 March 1980)

Abs'trlct--The expressions for "'_.ur_ival'" probabilitie-, are presented for an atomic hydrogen panicle
moving on a trajector3, from far regions of the helk_phere to the vicini_- of the Sun. Three
"'destroying" proce.sses ha,.e been considered, photoionization, charge transfer and electron ionizazion.
"The solar wind has been a_,,umed to be a Iv,o-flux stead,, stream radial)_ expan.Jing, with constant flo_
,,elocitv. Recent profiles of solar--,vind electron temperature ha_e been u_d. "l'he results can be useful

for theoretical analysesas v.ell :,-, for ana)),,is of spacefl|ght obse_ ations

I. L'%'I_ OD t _CTI ON

Current es idence indicates that the assumption of a

_er3'low temperature (T._O K---so called "cold"

parliclesl of the heliospheric gas vet3. far from the

Sun (i.e. at the _icinit._ of the boundar2,, of helios-

phere" calied hereafter "'infinit_"_ is not xalid ¢see

e.g. Thomas. 1972 Feldman et al.. 1Q72: Meier,

1977L Nto_t authors agree with T,_ I(L00UK Iso

called "'hol'" gas) and usualb, the,, a,,_,ume a Max-

wellian distribution function for the gas particles.

The state of the interstellar gas beyond the helios-

phere as well as the mechanism of transporting

particles with such io_ densit._ (_0.1 cm -_ through

a heliospheric boundary shock region is not clear

enough to define the distribution function of the

gas at "infinit)"'. However. in the author's opinion.

it may be of interest to take into account the

possibilits that particles at "infinit_'" can ha_e

reasonably high mean energy le.g. still about ] eV)

but a non-Maxwellian ,,elocit_ distribution func-
tion. It seems that at least two difi'etcnt situations

may be interesting; the firsl case to be considered

is one in which "'hot" particles ha_c the same

directions, but different absolute scl,_cities _e.g.

panicles "'a'" in Fig. I I. and the second in which

"'hot" particles hase different directions but _ith a

Dirac's ,_-distribution function for their absolute

velocities (e.g. particles "'b'" in Fig. 1). Because

of the very small density of panicles [mean free

path for H-H collision is about 10_cm rather than

10'" cm which was given by Fahr (1978)] and pretty

high temperature, the particles should be trea_ed a_

a gas of independent particles _hosc motion, on

their individual trajectories, is determined by the

81

interaction v,ith other particles from the solar wind

and by the field of the Sun (i.e. gravitational and

radiation pressure forces). Other forces that might

change the individual trajectory' of a particle and

which can be called "friction" forces (as a result of

momentum transfer with so]ar wind particles_ are

negligible, the ratio of the gravitational force to the

"'friction" force given by the interaction of neutrals

with the solar v,ind protons is. in the heliosphere
not smaller than 10 ° and. of course, the interaction

with solar electrons makes the result a couple of

orders of magnitude larger.

Each particle moving along its own trajectory

(dependent on its initial velocit_ vector and initial

angular momentum) may take part (i.e. not "'sur-

sire") in some atomic processes. So far the most

iml'_rtant of these processes seems to be the fol-

lowing three:

(A) Process A (photoionizationl: h_.+H¢ls}--,

H'+e,

(B) Process B (charge transferF H'+Hlls)---,

H(Is)+ H'.

ICI Process C (electron ionizationl: e+ H(ls)--*

H" + 2e.

In _he present paper relationships are gisen for

the three above processes for rate coef_cients _B^,

_1_,and _c. respecti_el'.l and for the probabilities of

atomic hydrogen "avoiding" each of them (P^. P,,

and Pc respectively) along various trajectories from

"'infinity" to the Sun. The incoming h}drogen

alom_ interact with the solar wind flux (see para-

graph 2) as a radially expanding beams of electrons

and protons. Knowing such survkal probabilities it

is possible to find the density-_t a given point in the

5
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heliosphere, for particles coming from the distant

regions (e.g. as well as panicles "'a'" as "'b'" or "'c'"

in Fig. 1). Knobledge of the probabilities and

the position and _elocit) distribution functions for
particles on their individual trajectories, as in-

fluenced b} (regardless of the interaction with the

solar windl the gravitational-radiati_e force of the

Sun, (the result of the latter will soon be pub-

lished), together v.ith a thorough analysis of the

processes in the shock region, should be the start-

ing poinl .for a correct de.,,criplion of the density

distribution function of neutrals within the helios-

phere and other physical quantities, for the "'hot'"

gas model. It should also be noted thai u,,ing the

concept of temperature for the gas al infinil_, can be

a puzzling problem, not only because of a possible

non-Maxwellian distribution function there, but

also because at such extremel_ low particle den-

sities (_0.1 cm-_l using the concept of phase-space

can be invalid for small regions (because of fluctua-

lions). Thus. operating with mean panicle energ)

seems 1o be more proper than with temperature.

"L SOLAR _'I%'lD ELEC'TIRONS ,_ND PROTONS

The two-flux radial model of the solar wind has

been used in the present _ork. This often used

model assumes that both fluxes(electronsand pro-

tonsl radiall)expand with sphericalsymmetry and

also ha_e constant flo_ velocities (%_u_) but

different thermal velocity distributionfunctions.

The former assumption describes the solar wind

plasma as qua.sineutralsincethere are no sources of

charges in the wind. In the stead)-state we can say

that solar protons have a Dirac's f-distribution

function (around u_,) and solar electrons have a

Maxv.ellian distribution function _ith temperature

T, ir). Density n,(r) and temperature T,(r) of the

solar electrons can be given (e.g. Hollv, eg. 1976;

and Holzer. 1977) in the general forms (p= r/r,

where r, is the distance from the Sun lo the Earthl:

and

n,(o') = n,°p -:, (1)

"1-,(0) = Tf= const., for p<_ 0.08.
(2)

T,(p) = T,"p-*, for p-> 0.08,

where the superscript "'0" denotes the value of

p'=-l.

All above theoretical relations (obtained on the

a_,,umption that on the surface of the Sun T,'=

T,,'=2-10"K and n,=n,,=l.5.10"cm --_) give

pretty g_x:l agreement with the ob_rvations of

Hundhausen (1972_ and Miggenrieder et al. (1976L

Relation (1) is valid up to distances very clo_e 1o
the surface of the Sun for the solar v,ind model

given by Munro and Jackson (19771 and is identical

with the calculations of Hundhausen (1972) (for a

spherically symmetric solar wind model_ for

heliocentric distances P _>0.08. For regions close to

the Sun and close to Earth the results of Holzer

give T,_2" IO_'K and T,°_l.5 " lOsK. respec-

tively. Ho_'ever, there are difl'erences in the esti-

mation of the exponent ,-,; ct=_ (Holt_eg_ and
?

,', = _ (Holzer). Holzer's exponent _ gives values in

better agreement with the above mentioned obser-

vations. The solar proton density distribution func-

tion has in this model a form analogous to relation

(I);

n_,(p)_ n_,°p-:. (3)
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E_en if one assumes some other (non-Dirac's _5)

proton velocity distribution function f'(vp- u_,) with

an isotropic "'efl'ective'" temperature T,,(p) the com-

ponent of the thermal energies of the protons aris-

ing from such a distribution is much smaller than

the flow component. The latter can be shown in a

straightforward way from the approximate solution

of equations representing a stead)', spherically sym-

metric radial solar wind (Nishida, 1969) of the

two-flux model, ,,_ith the temperature that had been

considered for proton-proton Coulomb heating

(Leer and Axford, 1972) in the spiral magnetic field

(v.-hat appears to be justified for p >-0.5). The ap-

proximate solution is:

T_,(p)_=IT_.p-', (4J

u,-hereT,_ isthe temperature of the solarprotons at

p=0.5 _ith the value of shout 6 •10" K, In obtain-

ing the last equation it has been a._sumed that the

mean proton temperature is Tr=-_(Tp|×2Tt, _)

_,'here T ! and T" are parallel and perpendicular

components of the proton temperature, respec-

tively. The energies of protons which are given

by relation (4) are much smaller than the ener-

gies (_1 keV) obtained from flo_ velocity

(_400 km s-t).

3. RATE Cotwncl_-.'¢_

(A) Photoionization

Usually it is assumed that the flux density of the

solar ELrV photons s aries inversely as the square of

the heliocentric distance Itbe interplanetary gas

should be optically thin in the ionizing frequency

range). According to the above

0_(p)= _^°o-; (5)

where the superscript "'0" denotes the values of the

EUV photoionization rate coefficient at I AU from

the Sun. Of course, the rate coefficient BA ° depends

on the solar EU'V photon flux. The latter, however,

is not yet so precisely determined (see for instance

papers of Hinteregger, 1976 and Timothy, 1977).

Ne_,erlheless, it .seems to be probable that the value

of the rate coefficient /3A ° given by Banks and

Kockarts (1973) is reasonable (their #^o=

0.88- 10-'s-t). It should be noted that for higher

solar activities this value can increase by a factor 2

for h)drogen (and even more in the case of inter-

planetar2, .' helium) as has been estimated by Holzer
(1977}.

(B) Charge transfer

If, according to Section 2. the charge tran,,fer

process is due to the interaction of fast solar pro-

tons with relati,,ely slow interplanetao, h._drogen

atoms, and the solar proton flux has spherical s)m-

merry and a Dirac's ,5 velocity distribution function.

then the expression for _8 takes the form:

B_(P) = nfu_OBp-:, (6)

_here, as previously, np° is the solar proton density

at p = 1, and OB is the c_.-arge transfer cross-

section. In the above it has been assumed that the

solar proton flux varies in_,ersel) as the square of

the heliocentric distance. :

(C) Electron collisional ionization

Usually. calculations of the electron ionization

rate coefficient (for a Ma.x_.ellian distribution func-

tion) are done b,, numerical integration {e.g. Kunc

and Zgor-zelski. 1975 or Hol2_er. 1977}. The latter

calculations, adapted, for the inter-planet at2,"
medium, ha,e shown that the contribution of elec-

tron ionization is significant for a heliocentric dis-

tance smaller than about 0.5 AU, relative to photo-

ionization, and at distances smaller than about

0.08 AU. relative to charge transfer process. In the

present paper the author has used analytical rela-

tions for coltisional ionization by Ma.x_ellian elec-

trons of l_round state hydrogen atoms "_ith rate
coefficients based on the results of his recent work

(Kunc, 1979).

Taking into account the above, one can v-rite the

general relationship:

Oc(P) = 4.765 • IO-_n,(o)U.3_Tt_'I_R. s -_, (7)

v, herc nAp_ (in cm -_) is the density of solar _'ind

electrons. U, (in eV) is the ionization potential of

the hydrogen atom, T(p)= T,(p)/U,. where T, is

also given in eV. The term I_4R(T) has the forms

given belo_ [see equations 127) and (31p of the

paper by Kunc, 1979]:

for p_<0.4;

4 2-0.37]. (8)l_'(T,=_[exp(-3.45/T) T

for P-> 0.4:

I_"(T) = 0.26 exp (- l/T). (9)

If we take into account expressions (1_ and (2) we

have finally:

for p _0.08:

B, (P)= 5.351 " lO-_n,°TT_np -=
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FIG. 2. RATE Co_t-JL_.'_ FOR PHOTOIONIZATION 4,_A),
CHARGE TR_'_S.F'EIR(_l_) AND ELF_CTRONIONIZATION (j_C_
wrT'r1_ THE SOLAR SYST-r-,Vl _c H (DOT-rF_D UN'E) IS THE

ELECTRON IO'_IZATION IRATE COE.I-'FICIE.'N,'T OBTAIb.'F-D BY

HOl2"IgJR (]97"71 BY N'L;M]ERICAL I_,'T'_GR.ATION OF E.XI_e...I_I-

ME"-'r J_L D_,TA OD.qEN FIy KIE.F'F'E.R A',,'D DL'N'_ (1966).

for 0.08,_ p _ 0.4:

Bc(p) = 5.351 •I0-"n,°(T,°)-__"p_':-:

x[ exp(-3.45U'p°/T'°,+_°'p'-O371s-''T,j, (11)

for p _ 0.4:

_c(P) = 6.702 • 10-_n,°(T,°)_p -'ffi''_':'

x exp (- U,p*/T,('I, s- _ (12)

It should be noted that the above relations for /3

give good agreement with reality (see Fig. 2)

throughout the interplanetary system.

4. PIROll A.B I LITIrr_.S

The analysis is for a particle which has the veloc-

ity vector u. at "infinity" anti-parallel to the fixed

axis Xo (i.e. for one of the particles of the "a'" kind

in Fig. 1). This panicle moves along its trajec-

tory (full line in Fig. 1) acted upon by the central

force of gravitation and radiation pressure of the

Sun. and its position can be given by polar coordi-

nates p and O,. It is obvious that all relations

obtained in such a system of c(_rdinales (with 8.

measured from axis X.. and as,,uming the spherical

s,,mmetry of the solar windl can be used for every

other particle (e.g. panicle "'b'" or "c'" in Fig. 1) if

the initial xelocity vector of the panicle is given"

then angles 8b and 8, measured from axes X_ and

X, can be very easib expressed in terms of 8,. The

angle 3' between the axis of symmetry of a parlicles

trajector T and its asymptote can be given bv the

expression

'°}. ,,_,,
where ,5 and C are define._ below. Also the trajec-

tot). of the panicle in polar coordinates p and (b ((b

is the angle measured from perihelion of orbit/can

be given as follows:

,5:
(14)

where all above coordinates have been shown in

Fig. 1. The relation bet_een angles O and _5 is:

3" = :;:(_b + 0). (151

According to the above, hereafter _'e v,ill omit

index "'a'" and use 0 and X in place of 0o and X..

central field of the Sun can be gi,,en in polar

coordinates p and O in the convenient undimen-

sional form (which is a little more simple than

usuall) presented):

,52
= . (16)

P ,5 sin e + C(l-cos 8)

where 8=D/r, and C=(1-o_GM,./(r,u,:). The

parameter _ is the _alue of the ratio of the radia-

tion force to the gravitational force. G is the uni,,-

ersal gravitational constant and M, is the mass of

the Sun. In the abo_e, it has been assumed that the

radiation force is spherically symmetric and varies

as p-a, i.e. similar to the gravitational force. It

should also be noted that a change of properties of

the family of the panicle trajectories (with the same

u, but different 8) is characterized by the grad &

which has a form:

2,5 - O sin 0

Moreover, one can find from equation (16) the

maximum value of "impact parameter" &,_. Only
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panicles with /5 </5.,= can reach (regardless of "de-

stroying" atomic processes) a sphere of radius Pp.
This value is

/5,,_ = [po(po + 2C)] 'r_. (18)

The probability P(p, rq, Et, E), for a given atomic

process, that a particle coming from infinity into

our interplanetary system, has "survived," up to

the point defined by coordinates p and O is equal to

P[p(O,/5, u=), _, E,, El = exp [-_0(p, rk, E,, E)],

(19)

where E, and E are the energies of solar wmd

particles and incoming panicles, respectively.
Further, we have

m= [3(O, rq.E,.E) dt= 18u_O), (20_

_here

"(") ]""'d0
lu.5

t_

do for _ = 0

for 5 :_ 0

(21)

819

For 5_0 we have; for 0<-0.08:

o_c(u_, 5. 0) = 0.81 • 10 T n'°O
u.T_/5

[ 2 U,

x[exp(-3-45UdT,)÷_-_r -0.37 ], (27)

and for p > 0.08: -=

lre _e,,_(u_ 5, 0) = _ Bd_o)Io(o)f dO. (28)

In the last equations Bc is given b_ equations (11)

or (12) and O(0) is given in equation (161. Having

determined the probability P of "'surxiving'" one

can find immediately the probability W, that a

panicle has taken part in the process considered:

w(u__/5, 0) = 1 - P(u_. & 0). (29)

For instance, Wa (which means the probabilit) that

a neutral particle incoming from "'infinity", with

energy about 1 eV, has taken part in charge trans-

fer process) can be used to determine the rate of

production and density distribution of the fast

neutrals (with energy about 1 keV) within the

i-i= is ihe inieDal of iime Jcquired fol a panicle heiiosphere.
to traverse the path L from infinity up to point p, O.

According to the above and equations (5)--(12_ and

(20L after transformations, we have finally:

(A) Photoionization

, o[(to,,(u.,p)= r, Bf 1 + I , for
u.C

and

_=0,

{22)

r,#,°O
w^(u®.& 0)=--, for _0. (23)

(B) Charge trans[er

r.+oO,[(_odu,., p) = u.C 1 + .

for 5=0, (24)

renp°UmQB

_a(u=,&O)= , for /5_0, (25)
u=/5

(C) Electron ionization

For 5 = 0 we have finally:

i- -,oaJc(U.,, p) = r--L [3c(p) 1 + do, (26)
u. _. p j

where #c is given in equations (10), (11) or (12).

5. SU.%iXlARY

Some examples, using the derived relationships,

are shown in the Figs 2-6. All calculations have

been performed using recent basic astrophysical

parameters, which so far seem to be reasonable

(_e e.g. Adams and Frish, 1977; Holzer, 1977;

Emerich and Cazes, 1978; Thomas, 1978; Meier,

1979). The characteristic astrophysical quantities

have been assumed as follows:

n°= n,,°= 6cm -3

T.°_l.5'10SK, Tf-=2-10eK and a=-_

u==2Okms -t, u=,=4OOkms -t

g.=0.7, Oa_2-10-'_cm :.

In Fig. 2, rate coefficients for all three processes are

presented; /3^ (photoionization) /3a (charge trans-

fer) and Bc (electron ionization). The latter has

been compared with Holzer's (1977) computations

(/3cH---dotted line) which has been obtained by

numerical integration of experimental data for ioni-

zation cross-sections (Kieffer and Dunn, 1966). As

one can see there, the results for Bc given in the

present work [by analytical relations (10-12)] are in

very good agreement with computations of Holzer

for most of the range of interplanetar)' space. They
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FIG. 3. PROBAJ-}IL.rr_P^ vS POLAR A',;GtJEe. FOR DIFFE.R-

IE_'T IM_'Ac'r PARAMETERS _. PA IS PROI_BILrI_ TI-L_T A

PART1CI.L PASSING THROUGHOL'I THE PL,_%'ErARY SYSTEM.

HA.S NOT TAKE.'_ PAR'I IN PHOIOIO'_IZA'I'ION PROCESS.

give a little worse agreement for 0.1<p<0.6 be-
._ .... *L^ _,_:__ r ..... L.. r ...... :___ to, ,r_,'1
I.ou__. fair. _ta_tlll_ IuIsllul_:_ tr.;LlUdtlUllb tot al|d i, Be)j,

used by the author here, are less accurale for this

range of electron energy.

in Fig. 3, the probability of a panicle "'a_oiding'"

photoionization. _ith difl'crent 5 is presented. This

probability decreases ver) fast as it increases 0 (i.e.

traversing the solar system) for small values _,

which is due to the fact that in this case the particle

comes closer to the Sun, where rate coefficients

increase rapidly. For larger values of ,5 the proba-

bility P,,, has significant values throughout its path.

Of course in the latter case the particle does not

come close to high photoionization regions in the

vicinity of the Sun.

The above remarks are also valid for the proba-

bility of "avoiding" charge transfer process P, by

the particle (see Fig. 4). There is also presented the

probability %V,, that a particle has taken part in a

charge transfer process. The latter probability is

close to unit), and changes slowly (within the solar

system) for small values of the parameters 6; for

higher values of _ (for instance 3 or morel it

changes substantially and is about unity as the

particle leaves the solar system.

The probability of "avoiding" electron ioniza-

tion, P, is presented in Fig. 5. It can be seen that

for small impact parameters P, decreases very

rapidly as the particle pas,,es through the solar

system, and at the moment of leaving the system

)

g

c____.=_°1[/_t 1_ __

--j

,__...._

o 60 t2O _80 240

POLAR ANGLE 8. _Q

FIG. 4. PROBABILITIES PB (FLqJ_ I.._'E) ,_.'_'D B'B ID___;FIF_D
LI_'IEE) VS "rife POLAR .A_GLE t_, FOR DIFFER.E.'_'I" IMPACT

PAR.A.M__-T'F_RS _. PB IS PROB.MBII.J'I_ THAT A PAJRTICLE_

PASSING THROL:GHOL,"r THE PLA.N'E'rARY SYSTEM. HAS NOT

TA3,LEN PART I_ CHANGE TRgL'qSFER PR_. _'IB iS. IN CO_-

TR.A.RY. PROB*_BU..FI_' TI-IAT THE PARTR'IE HAS T.M,_ PART

IN T'H]E O-IANGE I'RANSFER PROCESS DL'PJ'<G _ PASSING

TI-IROUGHOU'T THE PI,__"_E'rA.IR'_' SYSTEM.

the latter probability is getting vet 3 small (order

10-_). For ,5 larger than 3 one can ._av that a

panicle can pass through the solar system without

taking part in electron collisional ionization.

0 60 120 180 240

POLAR ANGLE 8. 0eg

FIG. 5. PROBABILITY Pc vs THE POLAR A",;GLEe, FOR DI!=-

ERE,N-I-IMPAC"r PARAME-r'ER_ _. Pc Is PROB_kBILrr_ _T A

PARTICLL PANSING THROUGHOL'T THE PJLA_N'ETAR3 SYSTTr_M.

HAS NOT "TAKLN PART IN THE IONIZ.A'I_ON IBY EJJ:C-rRON)

PROCESS
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HEL;OCENTRtC DISTnNCE r [LOG A.U]

FIG. 6. PROBm, Bn_rr'tESFOR Ir-CO_rI._GPAR'nCt.ES WFrH _ :

0%3 TI-OE HEI-I_,'TRIC DIS1-A._CE r. _,_E._NING OF THE SYM-

BOL.S^R.E -n.m s._ As _ FIGS. 3--5.

In Fig. 6, the probabilities for different processes

(_ith impact parameters equal to zero) are given.

One can see that probabilities P, and PB change

rapidly throughout the solar system. The probabil-

ity Pc, up to heliocentric distances of about

0.6 A.U. is almost equal to unit)' and for smaller

distances rapidly decreases and becomes compar-

able with P,,, .in close to the Sun.

The relations presented in this paper can be used

both for general theoretical analyses and for in-

terpretation of data obtained from spaceflight ex-

periments.
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Possible H2 Ultraviolet Emissions from Jupiter's Aurora

F. M. Wu, D. L. Judge

Abstract presented at the Spring Meeting of the AGU, Baltinmre,_.1981

- Auroral radiation has been detected near the poles of Jupiter by

the UV Spectrometer on the Voyager spacecraft. The emission was identified

as the H2 bands and the H Ly-_ line. However, a close comparison between

a model calculation and the observed data reveals additional emission

structure in the llOO - 1250 _ spectral region, with an intensity maximum

at 1250 _. We suggest here that this unidentified feature may be part of

the electron excited H_+ emission spectra resultinQ from discrete H^+

2p _u - Is Og transitions.

Although the H2+ UV spectra have not been observed in the laboratory,

the transition probability for the H2÷ system can be accurately determined

from theory. With a B-O wave function, the band strength for the 2p _u -

Is Og transition has been calculated. We find indeed that the 2p _u v' = l

- Is Og v" = 17 band transiton can result in intense radiation at _1240 _,

+
while the other weak H2 transitions will contribute emissions in the

ll30 - 1250 _ region. Assuming an integrated spectral intensity of _5 KR,

we find an H2+ column density at Jupiter's aurora of _lO 13 cm-2.

The rate of producing H2+ by electron ionization of H2 moleucles

is about lO0 times higher in the auroral region than elsewhere in the

atmosphere. Moreover, due to a relatively high ion temperature in aurora,

the radiative association rate between H and H+ is also very large. On

+
the other hand, we note that the rate of the destrubtion procesg for H2 ,

namely H2+ + H2 H3+ + H, decreases significantly for high ion velocities

The possibility that the unexplained emissions arise from electron excited

H2+ and that, in addition, H+ and H3+• are important auroral species, will

be discussed.



CLOP!_'S!CAL RESEARCH LETTERS, VOL. 8, NO. 2. PACE_177-178, FEBRUARY J9gl

ELECTRON-CAPTUI_ CROSS-SECT]_;S FOR SCI_t ASTKOPI_'S]CAL PI_OCESSES

Joseph A. Kunc and Darrell L. Judge

Earth and Space Sciences Institute, University of Southezln CallforniJL,

Los L_geles, California 90007

Atomic sulphur and oxygen and their ions are

_rptcted to be pro=ztnent components of the atmos-

phere of Io [Kumar and Hunten, 1980]. The neutral
atoc, s are formed primarily by photon and electron
dissociation of 502 while the icms are formed most

probably through electro_ ion_zation, by both
direct dissociative ionization and by electron
ionization of the previously formed neutral atoms
[_cElroy and Yung, 1975; Ku,_r, 1980]. Atomic
ions produced in lo's atmosphere will have the

energy of corotating plasma at Io's orbit (i.e.
about 400 eV). Subsequent charge exchange of

these trapped ions with neutrals in the atmosphere

orovides a mechanism for loss of these energetic

atoms. _he cross sections for the charge exchange

processes listed below, (Is-d) {where the ions are

in ground states), in addition to the atom-molecule
process ]e, are accordingly of great interest. In
view of the virtual absence of experimental data

the present theoretical results will provide

reasonably accurate cross sections for detailed

modeling of Io's atmosphere. The formalism pre-

sented here has broad application and can readily

be used to calculate charge exchange cross sections
for a variety of atomic systems.

The processes of current interest are as
follows:

the impulse approxt_atio_-_by averaging over the
colllslon parm_eters. $peclflcally, the cross

section QC is obtained from the expression,

Qc (rE÷) -_IIf _-_(VA,VB+ ,_E ,B,_O) (2)

f (0 ,_)f (vAe) ded@d _..EdVAe,

where _/B-_E is the impulse approximation differen-
tJ_l cross section for a binary encounter of

partlcles (e.g. [GerJuoy, 1966; Gryzlnskl and Kunc,

19Bl_Massey e_ a_!.,1979] ) with velocitiesv_
and vB+ , scattering angle 0 and their szlmutha:[
angle _. Since the energy transfer does not depend
on azlmuthal angle, the distribution function over
this ¢ngle is uniform. Also, for a multi-electron
symmetrical outer shell of the A system, the
scattering angle distribution can be approximated

by one which is tsotropic. The field electron
velocity distribution function for an electron of
total energy -EA e in an attractive Coulomb field
can be described by the normalized distribution as

given by Bates and Y-_pleton [Bates and Hapleton,
1965], which is Identlcal to the normalized
qu_mtu= velocity distribution for electrons in the
ls state in the hydrogen atom [Fock, 1935]. In

0+(...2s22pS)+0(...2s22p_).

O(...lS_2p_)+O+(.-.2s_2p ')

O÷{...2s_2p_)+S(.-.3s_lp_)_

0(...2s_2p_)÷S÷(...ls_lp _)

S4(...3s_3p_)+S(...3s_3p').

$(...3s_3pw)+S÷(...3s_3p _)

S+(...3s_3p_)+0(...2s_lp')_

S(...3S_3p_)+0+(...2s_lp _)

Na÷{...2s_2p_)÷S0_

Na(...2pS3s)+S0_

the case of atomic hydrogem, EAe is clearly de-
fined by the ionizatlo_ potential. In the case of

(la) a multi-electron shell the situation is more com-
plicated because the average binding energy of an
equivalent shell electron is obviously larger _han

the first ionization potential. It is expert-
(Ib) mentally confirmed by hlgher and higher successive

ionization potentials. Therefore, for a multi-

electron shell the following procedure (for obtain-

(lc) tug of average energy of an equivalent electron)
seems to be more realistic [Kumc, 1980]:

N
• . _ Zs U.

(ld) EA NsJ-I 2 (3)

where the above s_ is a sum of successive ioniza-

tion potentials for Ns electrons in the given
(le) shell. It should also be mentioned that using

relationship (3) allow_ one to approximate the

7o estimate electron _apture cr0_s sections
for the above processes (B ÷A _ B + A ) for

moderate and large kinetic ion energies (1.e.
larger than about 300 eV), the impulse approxima-

tion for the asymmetrical collision model has been
_Ployed [Gryzlnskl, 1965; Vrlens, 1967; GerJuoy,

1966; Garcia, 1966; Garcis etal., 1967; Gryzinskt
and Ku_c, 1981]. This model is traditionally
acceptable for electron capture processes (for

both resonant and non-resonant processes) st

_°derate and large relative energies, not only for
atoULtc but also for molecular collisions.

The electron capture cross section Qc of the
_+A_ B + A collision system can be found with

C°PTright 1981 by the _o_erican Geophysical Union.

Pa
^_Per nUmber 80L1780.

field electron velocity distribution function by
a 6-function distribution, which is also consis-
tent v_th the vlrtsl theorem for Coulomb forces.

The effective limits of integration over the

scattering angle result from energy transfer
limitations and, after Eransformattons, '(see the
detailed dlscussion In [Zunc, 1979] for our energy.

range) they can be fotm_" as cos O. **-i. The
JC U

asymmetrical collision model contains some l_ck of
consistency _qth detailed balancing which, however,
is not large over our range of binding and tnctdent
energies. The discrepancy results from the
asy_etrlc way of treating the "test" and "field"

particles. The analysis of Garcta et sl. [Garcta
et al., 1967] shows that most of this inconsistency

can be avoided by properly choosing the lower and

17_



!78

-LI_-

Judge -.,-_-4 Kunc: .,_Cl-c'--n-CaF,ture,,v, Cross-._ections

upper energy transfer limits.

ly am fnllow_:

A. 1 2 +E •
eL'_eVB+ A'

=°+..;÷+¢q

They are respective-

(_)

Results and Discussion

- Using the impulse approximation to the

differential cross section _/_AE, as discussed

-- above and in paper [Cer_uoy, 1966], the cross

sections of Eq. (2) have been calculated and com-

pared _tth existing experimental data [Stebblngs

etal., 1964] in Fig. 1. The comparison, however,

is unfortunately limited by a lack of experieental

data to the processes (lb)-(lf). The good agree-

ment of the present results with experimental data

for the oxygen process suggests that the method

presented here can be successfully used for multi-

electron shell capture processes (la) - (ld) for

intermediate and large incident energies. The

departure of the calculated cross sections from the

experimental results is evident in Figure i [or

process (l a) at low relative energies. Such be-

havior is understandable, however, since at low

energies the impulse approximation is poorer and

the asT=_etr7 of the eoiiislon is gettin 8 larger.

Also at these lower energies the electron capture

process is becoming more llke s many body inter-

action rather than a binary process. In the case

of process (le) the situation Is more complicated.

C.5 i.O 1.5 2.0

",.;_C'DE',_" 'ON E'_-'--=,G"Y ¢.keV}

_re 1. Electron-capture cross sections for

processes (la)-(lf). The full curve is the

result of the present work for process (la)-(id)

and (if). The "theoretically predicted" curve

for the process (le) Is the dashed one. XX-is

the experimental data for the process (la) given

by Stebblngs etal., 1964.

First of all, nelther the dl_trlbution of Bates an(

Mnpleten nor the _-functlon are adequate for an

e]ectron velocity distribution within a polyato_lc

molecule such as S02. The other problem is that

the average binding energy of an electron cannot be

found from relation (3) for the SOz molecule (e.g.

higher ionization potentials may not exist at all

in general since the m_.leculsr structure m_y be

destroyed). The authocs have tried to avoid such

difficulties by assumln_ a similarity of the

dynamical bchavlor of the outer electrons in the

SOl molecule with those of the ger_.amlum atom

(...de 2 4p 2) i.e., by using the electron capture

cross section for the process:

Na+(..2s22p_)+Ce(..ds24pZ)_

(If)

Na(..2pi3s)+Ce+(..dsZdp).

The ratio of the first ionization potential

for SOz to that of germanium is about 1.3, which

is co=parable to the ratio of ionlzat£on potentlals

of the "A" atoms (0 and S) of processes (la) and

(lb). Assuming the cross sections for processes

(le) and (lf) have an ]onization potential depend-

ence similar to that of processes (la) and (lb) one

can obtain "theoretically predicted" electron

capture cross section for the process (le) using

rhe rps-!t for (!f). Th,is cross section [s shown

in Figure 1 as a dashed curve. However, it should

be emphasized that the cross-sectlon obtained in

such a manner can be treated as a crude estlmate

only. There are unfortunately no experimental data

available to compare with the calculated values and

to thereby determine the valldlty of the above

approximation.

Thls work was supported by NASA Contract

NAS2-6558.
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ABST RACT

Photochemical models of lo's atmosphere are presented with the assumption

that S02 is the major gas and that the S02 surface pressure is controlled by

vapor-pressure equilibrium at the surface. Photolysis of S02 leads to efficient

p-roduction of SO, 02, S and O. Of these products, 0 and S are -likely to be the

dominant constituents in the upper atmosphere and the atmospheric escape is

expected to be in atomic form. Nonthermal escape processes are necessary to

populate the p.lasma torus. S02 surface densities greater than I0 II on -3 are

needed on the dayside to supply the required amounts of S and 0 to maintain the

torus. Surface chemistry presents an interesting possibility, namely the con-

version of 0 to 02 in which case 02 will be the dominant constituent throughout

the nightside and over the onlar canR with a _lJrfacp (14 dpn_ifv nf I(_ 10 c_n-3
' - _ ............ L .... .# - -
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INTRODUCTION

The presence of an atmosphere on Io first became evident from the Pioneer

I0 radio occultation measurements (Kliore et al. 1974, 1975) of a well developed

terrestrial-like ionosphe're on Io. Recent Voyager observationshave provided

some key data that can be used to study the nature of this atmosphere. Basically

two types of models have been proposed with respect to the thickness of the

atmosphere;

(a) a 'thick' S02 atmosphre in vapor pressure equilibrium with the

surface leading to a surface density of I011-I013 cm -3, and

(b) a 'thin' S02 atmosphere with a surface density of _ lOB-lO 9 cm-3.

The 'thick' atmosphere model is supported by Kumar (1979, 1980), Pearl et al.

(1979), Bertaux and Belton (19BO) and Kumar and Hunten (1980) and the implied

arguements are based on three sets of measurements;

(a) the detection of 0.2 cm-atm of gaseous SO 2 above one of the hot

spots (containing the Loki plume) by the Voyager IRIS experiment

(Pearl et al. 1979),

(b) the measurements of oxygen and sulfur ions as the major constituents

of the associated plasma torus by the Voyager Plasma Science experiment

(Bridge et al. 1979) and the UVS experiment (Broadfoot et al. 1979), and

(c) the detection of SO2 frost on the surface from ground based infra-red

measurements (Smythe et al. 1979; Hapke 1979).

However, the absence of UV signatures of S02 in the IUE spectra of Io and the

absence of any polar caps on Io have led to arguments for the 'thin' S02 atmosphere

model which is supported by Butterworth et al. 1980; Lane et al. 1979, and Fanale

etal. 1980. The large Farticulate mass evident in the Loki plume (Collins 1980)
m

suggests that if the gas to particulate ratio in the plume is close to l, and if

the gas expands over the first 50 m without condensing, then the Voyager IRIS
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•observations of gaseous SO2 would be consistent with the observed gas being

transient flow from Loki as well as with an equilibrium atmosphere. But no

S02 gas was observed by the IRIS experiment above Pele (J. Pearl, private comm.)

which is even hotter (Ts . 700°K) than Loki (Ts = 290°K) and would provide a

better thermal contrast for observing S02 if it was entirely associated with

the plume. The Pele observation is consistent with an equilibrium atmosphere

because the equilibrium vapor pressure at the local time (16.4 h) of this

observation is too Ibw to be detected by the Voyager IRIS experiment. In fact,

S02 was not detected in association with any of the other hot spots or plumes

that were observed by the Voyager IRIS experiment (J. Pearl, private comm.) but

all of these observations corresponded to evening or nightside regions where

the ambient surface temperature is too small to sustain detectable amounts of

S02 gas in vapor pressure equilibrium with the surface. Therefore, the likely

interpretation of the Voyager IRIS observation is an equilibrium S02 atmosphere

(Kumar and Hunten 1980).

While the debate continues, we present here a model of photochemistry and

composition of Io's SO2 atmosphere assuming that the surface density is controlled

by vapor pressure equilibrium. This study is necessary to understand the transport

of gases to the plasma torus and in turn provides further clues to determine

whether the SO2 atmosphere of Io is 'thick' or 'thin'.
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PHOTOCHEM]CAL MODEL AND RESULTS

We assume that S02 is the major gas in Io's atmosphere. The thermal

structure for such a pure S02 atmosphere was calculated in a previous paper

(Kumar 1980) in which a S02 density profile consistent with the-Pioneer I0

io_nosphere data _.as determined. This model corresponds to the _tmosphere on

the dayside of the evening terminator (solar zenith angle _ 81 ° ) and is

adopted here for studying the photochemistry of S02. The surface density of

SO2 is 1.2 x 10 I] molecules cm-3, surface temperature is II0 K and exospheric

temperature is 1030 K.

In Table I we list the rate constants for chemical reactions and zero

optical depth rates for photodissociation and photoionization processes that

we have adopted. The primary reactions in S02 photochemistry are illustrated

in Figure I.

Solar UV radiation dissociates and ionizes atmospheric SO2,

O

hv + SO2 _ SO + 0 _<2210A
0

S + 02 _<2070A

0

+ S02 + + e x<lOO5A

Thompson et al. (1963) and Warneck et al. (1964) have reported the S02
0

photodissociation cross-sections at X>I850A. Golomb et al. (1962) have measured

the SO2 absorption coefficient at shorter wavelength down to the ionization

threshold. The S02 photoionization cross-sections have been recently measured

by Wu and Judge (1980). Welge (1974) has reviewed various photoabsorption

0

measurements in lO00-4000A range. The onset of photodissociation has been

measured carefully by Hui and Rice (1972) who show that fluorescence yield drops

0 0

from unity at 2250A to 0.1 at 2150A. Driscoll and Warneck (1968) have photolyzed

0

SD2 at 1849A and deduced a quantum yield of _ 0.5 for the production of S and 02.

This process is followed by the fast reaction

S + 02-_S0+ 0
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which is the major loss mechanism for both S and 02 . SO and 02 are highly

reactive and they recycle to form S02 with further production of S and O,

SO + SO_ SO2 + S

0 2 + SO +'SO 2 -I-0

We have included the three body reactions in Table 1 for c_mpleteness

al-thougF they do not have any significant influence on the bulk chemistry

except right near the surface.

0

Photoabsorption of SO between 1900 and 2350A has recently been measured

by Phillips (1981) who finds that the cross-sections are about two orders of

magnitude larger than those for the analogous Schumann-Runge system of,02. The

O

photodissociation threshold for SO is near 2400A (Warneck et al. 1964), hence

the SO photodissociation rate is _ 6 x lO -6 cm -3 which is comparable to that

for SO2. However, the SO loss at a density > !O B cm-3 is controllpd not by

photodissociation by by the self reaction of SO (Rl7, Table l) which is therefore

predominant near the surface.

We have numerically solved the continuity and diffusion equations for O,

S, SO, 02 and S02 by taking molecular diffusion into account. The density of

each constituent is calculated from ground level upward to 400 km. Several

constituents flow with high vertical velocities approaching lO0 m/s at high

altitudes and this effect was properly included in the model calculations. The

boundary values for fluxes were chosen based on the chemical nature of the

surface and the expected escape rates into the plasma torus. The flux values

are listed in Table 2 and will be discussed below for each model.

Chemical properties of Io's surface are difficult to ascertain at this time.

We-examine two possibilities with respect to the reactions of atmospheric S and

O_ith the surface material. Model A assumes a 'chemically passive surface' i.e.

atmospheric constituents do not react with the surface, whereas-Model B assumes a

'chemically active surface'.
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F'_)delA (Chemically Passive Surface)

The density distribution of SO2, SO, 02, S and 0 in this model is shown

in Figure 2. The zero fluxes of SO, 02, S and 0 at the lower boundary (Table 2)

are based on the assumptipn that these gases after being produced from SO2 photo-

lysis are either lost by chemical reactions in the atmosphere or escape from the

top of the atmosphere. In this sense we are postulating that tI_e escape mechanism

is_-efficient enough to carry large fluxes of these constituents. We will critically

examine this postulate in Section Ill. The assumed SO2 flux at the surface is

driven by the requirement that a net column loss rate of 2.2 x lO 11 molecules

cm -2 s-I results from photolysis of SO2 in the present model. Hence S02 must be

supplied either by evaporation from the surface frost or from the volcanoes at a

rate of • 2.2 x lOII cm -2 s-l in order to maintain an S02 surface density of

1.2 x lO11 cm -3. The required flux is well within the estimated gas ejection

rate of _ lOlu cm-2 s-I from the volcanoes (Johnson et al. 1979; Kumar 1979).

In fact bulk of the gas ejected by the volcanoes must be transported laterally

until it freezes out on the surface. In the case of vapor pressure equilibrium

at the surface there will be large pressure gradient from noon (_ lO-7 bar) to the

terminator (_ lO-9 bar) leading to strong horizontal winds which would tend to

reduce the horizontal pressure gradient in the atmosphere and enhance terminator

densities (Yuk and Summers, 1980). We have not concerned ourselves with these bulk

convection patterns which are undoubtedly important but which would not affect the

relative densities of SO 2 and its photodissociation products appreciably. We

recognize that convection patterns must be included for more sophisticated models

describing global variations in atmospheric structure and composition.

Production of all species is high right down to the surface and peaks at

altitudes of 5-I0 km. The SO and 0 production near the peak is-lO times the S

and 02 production since the solar radiation at longer wavelengths responsible

for SO and 0 production penetrates deeper into the atmosphere. Most of the SO2
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loss by photolysis takes place within the first I0 km. At higher altitudes

the SO2 production by chemical recycling exceeds the loss by photolysis.

Photochemistry and bulk transport dominate the density distribution within

5 km from the surface wliere the scale h_ights of all constituents is about

the same as the S02 scale height. The mixing ratios relative t_ S02 at the

surface are f(O) = 0.17, f(S) = 0.24, f(SO) = 4 x lO-2, and f(02) = 4 x lO-3.

0 and S mixing ratios are large because there is little or no chemical loss for

either of these constituents. 0 is lost only by three body reactions which are

negligible. S is lost by its reaction with 02 (Rl2) but it is rapidly produced

from recycling of SO (Rl7) hence there is very little net chemical loss. Both

02 and SO are also produced with rates comparable to 0 and S, but there is

substantial chemical loss for them hence they are minor constituents. 02 is lost

,-,_-;,._=,,--;1_, I_, .;+r _,._,-+-;_,._ _.,-;+l._ C fl)'t')_ ..t-,_--_ C_ "l_r,- 4,.- _4-_'11_A I-,,, _l,r

reaction (Rl7). Since the S density is large this leads to the 02 density being

an order of magnitude smaller than the SO density at the surface.

The chemical lifetimes remain comparable to the diffusion times up to altitudes

of _ 150 km above which diffusive separation is dominant. However the vertical

flow of the gas which is close to the limiting values for each constituent is

equally important at all altitudes. Due to their large scale heights 0 and S

become the major atmospheric constituents above 125 km. The density distribution

of these atomic constituents represents the minimum values needed to sustain the

large escape flux which is necessary due to their large production rate. As we

noted earlier the net loss rate of S02 is 2.2 x lOzz cm -2 s-] by photolysis which

should mostly appear as net production of S and O. Indeed the needed flux at

the upper boundary is ¢(S) = 2.1 x I0 z] cm -2 s-1 and _(0) = 4.1 x I011 cm-2 s-1

Th_se flux values are equal to the limiting flux (Hunten 1973) for both S and 0

and they can be regarded as the maximum escape flux in the term{nator region. We

note, however, that the production of S and 0 would be higher at higher S02
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surface densities which are likely at noon and most of the dayside if the

vapor pressure equilibrium prevails (Kumar1979, 1980; Pearl et al. 1979;

Kumarand Hunten 1980; Yung and Summers1980i. For example, the surface density

at I:00 p.m. local time corresponding to'the Voyager IRIS measurement is

5 x lO]2 cm -3 (Pearl eta_!. 1979). But due to the attenuation _f the solar UV

flux, the total loss of SO2 will not exceed

- Lmax(S02) = J e-I/o

where J is the total photodissociation rate of S02 by solar UV and o is the

absorption cross-section which has an average value of 3 x lO -]B cm2 over the

0

1900-2210A range wllere most of the photodissociation of SO 2 takes place. Using

the solar flux measurement of Donneley and Pope (1973) we have Lmax(S02) =

l x lO12 cm-2 s-I, which will be reached at a surface density of no(S02) =

4 w I(I]] rm -3 ThlJR if th_ c_ pKranp it nrlmarilv in thp fnrm nf atnmir _ rand

atomic 0 atoms which is the case in Model A, the global average escape flux will

not exceed ¢esc(S) _< 5 x lOI] cm -2 s-I and ¢esc(O) < l x 1012 cm -2 s-) The

relative mixing ratios of S and 0 will be maintained similar to those in our

0

model on the entire dayside above the _ = l level for solar UV (_ 2000A) absorption.

Model B (Chemicall X Active Surface)

A chemically active surface is likely if there is rapid turnover of the

surface material by volcanic activity or surface sputtering processes, so that

fresh material is continually brought to or exposed at the surface. For example,

elemental sulfur could provide a sink for G at the surface, and S could simply

condense on the sulfur rich surface.

_ However, an interesting possibility exists if the oxygen atoms hitting the

surface recombine to form 02, analogous to the three body reaction Rl5, and 02

molecules _re then released to the atmosphere. This could happe.n if the surface

oxidation rate exceeds the material turnover rate. We have investigated this
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possibility in Model B with the assumption that all of the 0 flux into the

ground is returned as 02 to the atmosphere. A similar argument could apply to

the conversion of S to S2 at the surface but in this case higher order sulfur

allotropes would be formed and the amount of S2 released to the atmosphere by

this process is likely to be small. _"

- The derived density distribution for Model B is shown in Figure 3. Among

th_ minor constituents, 02 is the dominant one near the surface in this model

with a mixing ratio of _ 15%. This is significant because a transport of 02

from day to night could maintain a surface density of _ lO I° cm -3 of 02 through-

out the nightside where S02 would tend to freeze out (p (S02) < 2 x lO-lh bar,

n(S02) < 2 x lO6 cm-3 at T = 9OK) but such large 02 densities can be maintained

at the characteristic nightside temperatures. With large 02 surface densities,

the recycling of SO2 is further enhanced by Rl8 and a surface flux of only 1.6 x

lO 11 cm -2 s-I of SO 2 is required. Also S is removed efficiently by 02 (Rl2) so

that the S density is the lowest in the model. 0 is still the dominant constituent

above 150 kin. Physically acceptable solutions can be obtained for an 0 atom

escape flux in the lO I0 - lO II cm-2 s-l range by properly choosing the 0 flux into

the surface.



-2J,:

Ill. ATMOSPHERIC ESCAPE

The total escape rate should be at least equal to the ion supply rate

needed to populate the plasma torus. Estimates for this supply rate range fFonl

IOlO an-2 s-I (Shemansky.19BO) to lO 12 qn -2 s-] (Sullivan and Siscoe 1980);

intermediate values of _ lO11 cm -2 s-I are preferred by Broadfeot et al. (1980)

and Dessler (19BO). Kumar and Hunten (1980) have reviewed the argur.,ents leading

to_-these varying supply rates, the F,ajor uncertainty is in the ion diffusion

times. The atmospheric model should also be consistent with the available data

the neutral escape. Sodium atoms are known to escape Io at a rate of _ IOB

Cm -2 s-I forming the observed sodium cloud (Brown and Yung 1976). Recently,

neutral atomic oxygen has also been detected by Brown (1981) in the cloud around

Io; his estimated supply rate is > 2 x lO l° 0 atoms cm -2 s-l.

It is important to note that physically acceptable photochemical models of

an S02 atmosphere which allow the S and 0 escape fluxes in the required range can

be found as we have demonstrated above. In this section we examine whether these

escape fluxes can be realized by various possible escape processes. This in

turn will further constrain our models.

First we consider thermal escape. Since lo's gravity is low and the exos-

pheric temperature is expected to be _ lO00 K (Kumar 1980), the thermal escape

could be significant for light consituents. For both models, the atomic

oxygen escape rate is _ ID I° cm -2 s-I by this process. However for S, the thermal

< lO ? cm -2 s-I and thermal escape is negligible for heavier con-escape rate is _

stituents SO and S02. Comparable densities of sulfur and oxygen ionshave been

observed in the plasma torus (Bridge et al. 1979, Bagenal and Sullivan 19BO,

Bcoadfoot et al. 1979, 19BO) which apparently require comoarable supply rates for

the two constituents. This cannot be accomplished by thermaI Lescape alone. Same

non-thermal escape process must be operating.
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One such possibility was proposed by Kur,.ar (1979), namely the ionization

of neutrals diffusing above the ionopause or magnetopause by the Jupiter's

co-rotating plasma at ,o's orbit and the sub'sequent pickup by the co-rotating

magnetic field. To determine the escape "rate due to this mechanism, we need

the altitude of the ionopause or magnetopause. Taking the Pioneer I0 radio

occultation measurements of the ionopause (Kliore et al. 1974, 1975), the ionopause

level would vary from _ 200 km at the subsolar point to _ 600 km near the terminator

(Cloutier et al. 1978, Kumar 1979, Kivelson et al. 1979, Kumar and Hunten 1980).

In l.bdel A, since 0 and S are major constituents above 200 km the supply

of gases to the plasma torus by this mechanism will be mainly in the atomic form

instead of direct injection of S02. The ionization potential of S is 10.36 eV

very close to the plasma torus electron energy of I0 eV measured by the Voyager

I..,_ * ill... II*_._,..,_t=,l I t.. _.a _ , r,.. S.. S.,! 4.Jil _1_.11_ I I..J L-'*#_,.#V 4=.1il _ a I_..s

flux of 4 x I0 II c_n-2 s -I. The electron impact ionization cross-section of S at

the threshold is _2 x I0 -IB an 2, and it peaks to a value of 7.8 x 10 -16 cm2 at

70 eV (Peach 1968). The electron flux drops rapidly at energies greater than I0 eV

but the actual energy dependence of the flux is unknown. A total electron impact

ionization rate of > 10 -6 s -i is conceivab_a for sulphur atoms The ionization

rate of 0 will be lower due to its higher ionization potential and lower

cross-sections. Cheng (1980) estimates that the 0 lifetime should be at least

four times longer than the S lifetime for electron impact ionization. An

ionization rate of _ 2 x 10 -7 s -I would be appropriate for 0 atoms. The maximum

0 density at the ionopause level would be _ 109 an -3, in which case the average

ion production rate by electron impact would be • 8.5 x 109 cm-2 s -I. The S to 0

dehsity ratio varies from about 1 to I/I0 in the 200-600 km range for Models A and

fr_om I/I0 to I/I00 for ;1odel B. Hence, the sulfur ion producti6n rate would be

almost equal to the oxygen ion production rate for Model" A, and-about one tenth :

for Model B. Thus, an escape flux of _.I0 I° cm-2 s -I can be realized for both S
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and 0 by electron impact ionization if the corotating magnetic field can pick up

all the ions. For 0 the escape flux is comparable to that due to themal escape.

But for S, electron impact ionization provides an important escape mechanism.

Model B is consistent with this escape bclt Model A is not since it requires

escape fluxes > 1011 an -2 s-I.

Sputtering by plasma torus ions from the top of the atmosphere has been

proposed as a potential escape mechanism by Haff et al. (1980) and KuF,ar and

Hunten (1980). Heavy ions such as S+ would be about llO times more effective

than H+. Based on the Voyager plasma torus data, Haff et al. use an incident

flux for sputtering of _ lO I° cm-2 s-I for S ('_ 520 eV) and 0 (_ 260 eV) ions;

their estimate of the sputtering yield is _ 5 at _ l Rio for U = 2.2 eV with

an inversely proportional dependence on the gravitational binding energy U. The

¢l_liff_r_nn ril"i-lrl_¢c _r_l_ll_ll_C llici-;ll-i*_nrl :i÷r_me imm:li_ #i'Im i:_vn_:ici_

For both models A and B, the exobase is at _ 1400 km altitude where 0 would

be the major constituent with a density of 1.7 x lO7 cm -3. Sulfur density at this

level is 2.2 x IOs cm -3 for Model A. The escape energy for the two constituents

is U0 = 0.31 eV and Us = 0.62 eV. Scaling the Haff et al. values to these energies,

the sputtering yield is y(O) = 34 for a pure 0 atmosphere and y(S) = 18 for a pure

S atmosphere. Allowing for the abundance factors, the net escape flux from

sputtering is 3.5 x lO 11 cm -2 s-] for 0 and only 2.2 x IO B cm -2 s-I for S. The

sulfur flux would be much less for Model B. The oxygen flux matches the required

upper boundary condition for both Mooels A _nd B and the flux value is consistent

with the high torus supply rates. But the sulfur flux still falls too short by

at least one order of magnitude.

Whether Model A or B is applicable has important implications on sputtering
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of sodium from the surface by energetic particle bombardment and subsequent

escape which was originally proposed by Matson et al. (1974) as the source of

observed sodium cloud around Io. The atmospheric column density must be less

than lO Is cm-2 in order t_o allow a direci_ escape of sputtered particles without

co_llisions with the atmospheric constituents which would other_v_se thermalize

and retain sputtered sodium atoms. In cur models, the SO2 column density on

the dayside is > 2 x I0 l? cm-2 which is more than two orders of magnitude too

high to permit direct escape of sputtered sodium atoms. This led Kumar and

Hunten (1980) and Haff et al. (1981) to their suggestion of secondary sputtering

from the 'top' of the atmosphere as an alternative mechanism for the escape of sodi-

um as well as sulfur and oxygen. Note, however, that the 02 density on the night-

side is _ IO B cm-3 for our Model A and the SO 2 density is even smaller

(_ 2 x lO6 cm-3), hence the sputtered atoms from the sJrface on the nightside can

escape without colliding with the atmospheric particles. But in Model B, the 02

density on the nightside is lO _° cm-3 which is too high to permit direct escape;

in this case, sodium atoms ejected from the surface by the sputtering process will

be mixed in the atmosphere and spread uniformly along with 02 thus leading to a

globally uniform source of sodium. In I'.odelA, the source of sodium _s not

symmeLric on the day and nightsides which would introduce a marked asymmetry in

the geometry of the sodium cloud between eastern and western elongations. But no

such asymmetry is observed, the sodium cloud appears to maintain its form to a

remarkable degree. Model B with a globally uniform source of sodium therefore

appears to be more likely to represent the actual atmospheric conditions on Io.

It is important to point out that the escape fluxes from the atmosphere would

be much smaller if the SO2 surface density was as small as _ IO B - 109 cm -3, (the

'_hin' atmosphere model which has been advocated by Fanale et a-l. 1980). Thermal

q

escape of 0 would be < IO B an -2 s-I and the nonthermal processes described above
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would also contribute < 108 cm-2 s -l for both 0 and S. Atoms. However, in

this case, direct sputtering from the surface would yield S and 0 fluxes of

I0 l° cm-2 s -I (Haff et al., 1981) which is compatible with the lowest of the

estimates (Shemansky 1980) on the required supply rate to the pz}asma torus.

Ho_-wever, this source would fall short by a factor of I0 to lO0 if the required

supply rate is as high as that required by Broadfoot et al. (1980), Dessler

(1980) and Sullivan and Siscoe (1980). Cheng (1980) has proposed that a direct

escape of volcanic gas to the torus could provide the required supply rate, but

Cheng's hypothesis suffers seriously from the fact that the ejection velocity

of the volcanic gas is < 1 km/sec (Smith et al. 1979, Johnson et al. I'979), which

is much less than the escape velocity of 2.56 km/sec on Io. Sputtering from a

'thick' atmosphere of SO2 is more likely than any other mechanism proposed thus

far for supplying S and 0 to the plasma torus if the required supply rate is

> 1011 on-2 s-1.
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IV. CONCLUSION

We have shown that for an S02 atmosphere dominated by vapor pressure

equilibrium at the surface, the major constituent in the upper atmosphere

(above 150 kin) is atomic oxygen followed by either SO2 or S depending upon the

chemical characteristics of the surface. In order to obtain a p'oysical solution,

eac_h model requires escape fluxes that fall within the range of the required S

and 0 supply rates to the plasma torus. The 0 flux is expected to be close to

1011 on -2 s-I but the S flux cannot be much more than 1 x 101° cm -2 s-I. Between

the two models 'presented, Model B is more likely to represent the actual physical

atmospheric conditions. 02 is likely to be the second most abundant constituent

on the dayside and the most abundant gas on the nightside with a global surface

density of lO I° cm -3 Model B is also consistent with the absence of polar caps

on io since 02 would then be the dominant atmospheric constituent in the polar

regions due to the low temperatures.

By considering various atmospheric escape processes we have shown that a

thick SO2 atmosphere with dayside surface density _ lO 11 cm-3 may be necessary to

populate the plasma torus. The thermal escape could be significant in re.leasing

atomic oxygen to the plasma torus, but this process is not sufficient for sulfur.

Some non-thermal mechanism is required for populating the torus. Ionization of

neutrals diffusing above the ionopause or magnetopause by the corotating plasma

and subsequent pick-up by Jupiter's corotating magnetic field leads to escape

fluxes of _ lO Io cm -2 s-I for both S and O. Sputtering from the top of the atmos-

phere by energetic ions of sulfur and oxygen in the plasma torus could eject

4 x 1011 cm-2 s-I of non-thermal 0 atoms but only _ 2 x 109 cm -2 s-I S atoms.

Between these two mechanisms a supply rate of > lO I0 cm-2 s-I can be realized for

both S and 0 into the plasma torus although much more oxygen is expected to be

released into the torus than sulfur.
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Significant uncertainties still remain concerning both upper and lower

boundary conditions. The photocFemical models have been presented here to

provide a first order understanding of the connection between Io's atmosphere

and the plasma torus and to stimulate further work. Indeed a b_tter understanding

of'the reqL, ired supply rate to the plasma torus and of the surface chemistry,

w_l greatly constrain the atmospheric models. Laboratory measurements are

needed for electron, impact ionization of S02, photoionization and photodissociation

of SO, and the recombination rate coefficient of S02+. Also reaction rates are

needed at low temperatures (l10-130k) prevalent on the surface of Io.
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TABLE 1

CHEMICAL RATE CONSTANTS AND ZERO OPTICAL DEPTH PATES FOR
PHOTOLYSIS N_D PHOTOIONIZATION

R1

R2

R3

R4

R5

R6

R7

R8

R9

RIO

R11

RI2

RI3

RI4

RI5

RI6

RI7

RI8

Reactions

SQ2 + hv -_SO + 0

S{)2 + hv -_S + 02

SO + hv _ S + 0

02 + hv _ 0 + 0

S02 + hv -*S02 + + e

S+S+hv -, ÷e

0 + hv -_ O+ + e

SO + h_-_ SO+ + e

02 + hv _ 02+ + e

S02 + 0 + M _ S03 + M

SO ÷ 0 + M -,S02 + M

S + 02 *SO+ 0

S+S+M_S2 +M

02 ÷ 0 + M "Os + M

O+O+M_O2+M

+
S02 + e _ SO + 0

SO + SO _ S + S02

0_2 ÷ SO _ S02 + 0

o

I. Golomb, et al. (1962)
2. Thompson et al. (1963)
3. Henry and McElroy (1968)
4. McGuire (1968)
5. Baulch and Drysdale (1976)

Rates

5.6 x 10 -6

2.9

6.0

9.5

"T

sec-]

x 10 -6 sec -l

x 10-6 sec -I

x I0-e sec -l

4.8 x I0 -e sec -]

5.8 x I0-e sec -l

l.l x lO-e sec -I

2.3 x lO-s sec -l

2.3 x lO-B sec -l

3.4 x lO-32 exp(-ll20/T)
cm_sec - ]

3.0 X lO TM cm6sec -]

2.0 x 10 -]] x exp(-2820)
cmSsec -_ T

2.0 x lO TM cm6sec -1

1.4 x I0 TM (T/300) -2"5

cm6sec-_

3 x lO TM (T/300) -2"9

cm6sec-1

1 x 10 -7 cm3sec -1

5.8 x lO -}2 exp(-1760/T)
cm3sec -1

7.5 x I0-Is exp(-3250/T)
cm Ssec" _

6. Liu and Donahue (197.5)
7. Fair and Trusch (19&7)
8. Assumed ""

References

(1,2,9)

(1,2,9)

(9,13)

(2,9)

(9,12)

(4,9)

(3,9)

(9,11)

(3,9)

(5)

(5)

(lO)

(7)

(6)

(6)

(8)

(5)

(5)

9. Solar fluxes from Donneley and Pope (1973)
lO. Homann et al. (1968)

II. No data available, rates assumed same

as that for O_ from Henry and McElroy (196E

12. Wu and Judge (1981)

13. Phillips (1981)
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TABLE 2

BOUNDARY VALUES FOR FLUXES AT THE SURFACE (¢o) AND

AT 400 km ALTITUDE (¢400)

-%-

Model A Model B

¢o ¢400 ¢° ¢400

2.3XI011 1.6xi011

0

0

0

2.0xlO Io

2.8xi09

3.4xi0 B

2.1xlO 11

4.2xI0 I_0

0

2.0xlO 11

-l.OxiO _l

-4.0xlO 11

2.3xi0 lo

1.8xlO Io

2.9xi0 Io

l.gxlO Io

2.0xlO 11
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ABSTRACT

The interplanetary hydrogen Lyman-a and He 584 A glow observations obtained by the
two-channel extreme-ultraviolet photometer on Pioneer 10 at distances of 2-14 AU from the Sun are
presented. The data are for the time period from 1972 to 1977. For positions near the Sun. the
interplanetary glow is primarily due to single scattering of sunlight by the interstellar gas flowing into
and through the solar system. But as the heliocentric radius increases, a significant portion of the
interolanetarv glow detected by the photometer lnng wavelength ,--ha,,,-,,,,l t,-- Im'_ A'L..... !,_ f....
background glow of galactic radiation. Multiple scattering by the distant interplanetary gas, and
scattering by "fast atoms" produced by charge-exchange processes at the heliosphere boundary, can
also contribute to the observed background of about 40 rayleighs.

In the present analysis of the interplanetary glow observations, we have employed a theoretical
model which takes into account the combined effects of ionization loss and solar gravitation in
describing the interplanetary gas density, and which is useful for computing the interplanetary glow for
a high temperature interstellar wind. The background glow is assumed here to be isotropic.
Comparing the observational data with these theoretical calculations, we have determined that the
nearby interstellar density is 0.04-+ 0.01 cm -3 for hydrogen and 0.01 + 0.002 cm -3 for helium.
Limitations of the present theoretical model and the possibilities for improved analysis of the
interplanetary results are discussed.

Subject headings: interplanetary medium -- interstellar: matter -- ultraviolet: spectra

I. INTRODUCTION

The UV photometer on board thePioneerI0 spacecraft,launched in 1972 March, detectsthe hydrogen La and He
584 A lineemissionsinplanetaryand interplanetaryspace.The spacecraftisnow more than 20 AU from theSun and is

leavingthesolarsystemata rateofapproximately3 AU peryear,providingthefirstrcsuhson thcinterplanetaryglow at
largesolardistances.The interplanctaryglow mcasurcments thusfarreportedarc allrestrictedtoa distanceofabout

l AU from theSun (e.g.,Thomas and Krassa 1971;Wellcrand Meier 1974:Broadfootand Kumar 1978).We describein

thispaperan analysisoftheobserved PioneertOinterplanetarydatafrom 1972to1977,and presenta radialprofileofthe
intcrplanctaryglow up toa distanceof14 AU. Thus.thctheoreticalmodel fortheinterplanetaryglow can bctestedinthe

radialdimension,and the physicalparametcrsofthe "local"interstellargas can be accuratelydetermined.
For positionsncar the Sun, the interplanetaryglow isprimarilydue to singlcresonancescatteringofsunlightby the

interstellargas flowingintoand through the solarsystem.But as the heliocentricradiusincreases,the scatteredlight
intensitydropsduc tothedecreaseinsolarflux,and background radiationofevena few rayleighs(R)becomes important.

In addition, at large solar distances, effects of certain physical parameters of the interstellar gas, such as wind direction
-and gas temperature, are not important in determining the interplanetary glow intensity. The present Pioneer lO data
provide an excellent opportunity to determine accurately the local interstellar gas density as well as the extreme

;ultraviolet background radiation. The interplanetar) glow background radiation could arise from galactic radiation.
_.from the scattering of solar photons by the "fast" solar protons after they have charge.exchanged with slow hydrogen at

the heliospheric boundary (Patterson, Johnson, and Hansen 1963; Blum and I.ang 1979), or from multiple scattering of
solar protons in the optically thick region of the more distant heliospheric hydrogen (Keller and Thomas 1979; Wallis
1974).

1145
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ECL_P'TI_

y-

FIG. l.--Viewin_R geometr_ for the Poneer 10 UV photometer. The optical axis is at an angle 0 o = --:10°to the spin axis. The angle _ is the clock angle
relative Io the ecliptic.

[]. INSTRUMENTATION AND _,TE_,'ING GEOMETRY

The ultraviolet photometer on board Pioneer 10 covers two broad spectral regions (Judge and Carlson 1974; Carlson
and Judge 1974). The short wavelength band (2 s channel)is sensitive only to emissions shortward of about 800 ]L and
includes the 584 A resonance line of helium. The region of sensitivity of the long-wavelength channel (2L channel) is
below 1400 A and includes the hydrogen resonance line at 1216 )L The instrument design was based on the expected
"_^-: ..... of L..._..... and lheliu,, ga_c_ in the Jovian atmosphere and the in_erpianetary medium, in interplanetary_,.IU 111111 fll 1 _.- 11 ,_ I,d I U_gll

space the emission signal in the 2L channel results mainly from hydrogen emission at ,;.= 1216.4, _hile the signal in the :-s
channel is due to helium emission at 2 = 584 A. For a uniform diffuse source that fills the field of view. the sensitivih of

the instrument is 7.3 counts s- a R- t at 2 = 584 ,_ for the ,;-s channel and is 4.9 counts s- z R- t at 1216 A for the 2t_
channel.

The photometer field of view is limited by a mechanical collimator whose optical axis is oriented at an angle 0o = _90*
with respect to the spacecraft spin axis (Fig. 1). The scanning motion that results from spacecraft rotation sweeps the field
of view over the surface of a 40 ° cone having its vertex at the spacecraft and its cone axis oriented along the spin axis. The
spin axis of the spacecraft is parallel to the spacecraft-Earth line.

The trajectory of the Pioneer I0 spacecraft and the field of view of the photometer projected on the ecliptic plane are
shown in Figure 2. In this figure, the positive x-axis is in the ecliptic plane at R.A. = 260 °, the approximate direction of the
inflowing gas. The spin axis of the spacecraft is as shown by the arrows, and points away from the spacecraft-Earth

*_ 9 e 7

_1 DA_ 120/19Y2 Ly "

,I {_t,t 2i_/Igr3 I "
$ {)AY 116/1974 I _ '\

$ _' I9/09";'? 2

2 ',

FIG. 2.--The trajectory for the Pioneer I0 spacecraft and the photometers viewing field projected on the ecliptic plane. The upwind direction

{R.A = 260*) is along the positive x-axis. The spin axis _,'ecaor of the spao'craft points a_,ay from the spacecraft-Earth direction and is shown b) a rxo,,,,S
in the figure. Jupiter's position at the time of observation is also indicat,'d.
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direction. In Figure 2, we also show Jupiter's position at the time indicated. Because of its large mass and strong radiation
field, Jupiter is likely to have a significant effect on the nearby interplanetary gas distribution.

Before the Jovian encounter the photometer vie_.ed a region close to the upwind direction. After encounter, however,
the trajectory of the spacecraft was significantly altered, and the photometer's _iewing direction was shifted away from
the upwind direction. The angle between the viewing direction and upwind, at various times, is shown in Figure 3.'In this
figure, the solid curve is for a clock angle _ = 0", while the dashed curve is for _ = 180". The_o_bservation re,on for other
clock angles lies between these two curves. ..:

In. OBSERVATIONAL DATA

Since the UV photometer is _indowless, it is somewhat sensitive to particles as well as the intended UV photons.
Accordingly, during the earl)' part of the flight (while the spacecraft was near the Sun), bursts of solar particles caused
significant increases in the measured count rate. In earl)' 1972 the solar wind particles were very intense, and the
background rate in both channels was large with rapid fluctuations. Few useful data were available during this time
period. Ho_ever, as the Sun-spacecraft distance increased (> 2 AU), the duration and the intensity of partzcle
interference decreased significantly, and a consistent and slowly varying count rate is found over long periods.

Typical UV data for the period of time 1972-1977 for both the H and He channels are presented and discussed below.
The observed count rate has been converted to rayleighs by correcting for the instrument's response and dark count.

In Figures 4 and 5 we show the observed intensity as a function of the spacecraft's clock angle for both the H and He
channels. The curves result from an averaging of the data over a period of 1 day. As can be seen, the variation of intensity
_5th clock angle is significant during 197Z but the amplitude variation decreases with time and becorhes flat after 1973.

We note that the minimum intensity is not always at q_= 180 °, but sometimes shifts to ¢P= 0". These amplitude x'ariations
during 1973 and earlier are probably not due to variations in the interplanetary glow, but reflect the variable particle flux
that entered the photometer. In the H channel there are also several emission signals above the slo_iy varying
background which are due to the UV radiation of early type stars in the field of view. These data. however, will not be
further discussed in the present work.

In general, the observed interplanetary glow intensity decreases as the distance of the spacecraft from the Sun increases.
in Figures 6 and 7, the intensity averaged over all clock angles is plotted as a function of the Sun-spacecraft distance. The
scatter in the experimental intensity possibl) reflects the variation of solar flux associated with short-term variations in
solar activity. In the H channel the average intensity is ~ 350 R as observed from r = 2.75 AU, but decrea_s to ~ 80 R
for r = 10 AU. For r > 10 AU the H intensity remains at about 80 R and shows little dependence on the radial distance,
and thus suggests the presence of a strong ultraviolet background glow. For the He channel, the intensity is 1.5 R at
r = 2.75 AU and decreases to 0.4 R at r = 8.5 AU. There is noticeable structure in the He radial data at r = 5.5 AU

where the intensity shows a sudden increase. This is due to the fact that the photometer viewing directions after the Jovian

w I _ 1 I t I _ I w

-- TR/_,JECTORY

160 -- _'0"

. .... ,,. , --___ _____
g h20 ..... -

I,- 16/197_ .............
0
W
rr

_
0

h

,..J _6/ _ _ _
0 .............

-,o I, , , T ; , , , ,
4 8 12 16 20 24

DISTANCE FROM SUN (AU)

FIG. 3.--Angle betv, een the field of _ie,,,, and the upwind direction (R.A. = 260*). The solid curve is for the field of view with a clock angle of 0'. the

dashed curve is for the clock angle of 180". "l'he trajectory of the spacecraft is indicated by the dark r,olid curve.
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encounter (at r = 5.2 AU) were abruptly shifted to near the downwind direction where the helium density, due to solar
gravitational focusing, is significantly higher than in the upwind direction.

In the following we will compare these data with our theoretical calculations to deduce the physical parameters of the
interplanetary gas. First, we pre_nt the theoretical model for the interplanetary glow.

IV. THE INTERPLANETARY GLOW MODEL

The interplanetary glow results primarily from resonance scattering of solar radiation by neutral atoms which enter
our solar system from interstellar space (see Thomas 1978,for a review). The inflow velocitv ofthe nearby interstellar gas
relative to the solar system is Vb ~ 20 km s- _ (Adams and Frisch 1977). and the wind directi'on isnear the ecliptic plane at
a R.A. = 250* to 260* (Judge et al. 1972; Meier 1977; Thomas 1978)
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As the gas particles move from interstellar space into the solar System- the densiD distribution function gradually

changes due to the effects of solar radiation pressure, grafitational attraction, and ionization loss. For a Iov, temperature

gas, the interplanetary particle density n and the radial velocity of the gas V, can be evaluated analytically as follov,'s
(Axford 1972; Blum and Fahr 1970):

No p2 exp ( -//o rE 20j :[ Pj[ ) --

n(r, O) = s-,.=_ V, 2r sin O[r2 sin: 0 + 4r(1 - cos 0),'C] 'z, -= (I)

and
-

l p :l s:_- = _+ + j , (2)
where

(1- .)aM,

Here r is the distance from the Sun. 0 is the angular position _fith respect to the upwind direction. ,6o is the charge

exchange and photoionization loss rate at the orbital distance of Earth r E. _ is the ratio of radiation pressure to

gravitational attraction. No is the particle density at infinity (density of the nearby interstellar gas). Ps is the angular

momentum at (r, 0). and 0s = 0 if ps > O. 0 s = 2n - 0 if ps < 0. In equation (1). the summation is overj = 1.2 because

there are tv,'o trajectories which pass through each point. However, for the high temperature gas in which the thermal
",elocity is comparable to the inflow velocity, the density distribution as a function of radial velocity and position must be

integrated over two other velooty coordinates. The density distribution is then given by

v t ,, ,,i;)= I I ,,(•. (3)
• VpO" 0

v,here n(r. t')is the interplanetary density distribution function in terms of the phase space volume element (Danby and

Camm 1957; Wu and Judge 1979a) Here the particle _,elocity is specified in cylindrical coordinates (1,,, i_,. 0)- where |, is

the radial velocit). |', is the velocit) component perpendicular to the radial direction. ¢, is the rotational angle about the

radial direction, and V,,o is the lower integration limit for the variable l_, (Wu and Judge 1979a). The high temperature

formula is required according to the recent measurement of the interplanetary hydrogen emission profile (Bertaux et al.

1976) v,'ho have inferred a gas temperature of 10 "_ K v,'ith a corresponding thermal velocity of 16 km s- t. Thus equation

(3) must be used in order to accurately describe the densit) _distribution. Hov,'ever. as will be seen. the simple formula for

the density distribution of a cold gas (eq. [1]) is still a good approximation for a high temperature gas in certain
interplanetary regions.

Using the above density distribution, the absorption coefficient, -,,, for solar photons at frequency v can nov,' be

calculated from Wu and Judge (1979b). specifically,

a,(r, 0) = (M/2KT)' 2:oN(r. 0, V,) for T ,=:0

= :on(r. 0_(V, - 1_) for T = 0. (4)

where

v:% I + , :to=-- f)-0,
rrlc

and where m and M are the mass of the electron and the atom. c is the speed of light, e is the electronic charge.f is the

oscillator strength, and 20, v0 are the wavelength and frequency at the line center. Accordingly. the volume emissi','ity _ of

the interplanetary gas and the interplanetary glow intensit) 1 can be expressed as

,).2
,(r. O)= -- f nF_=,(r. O)dv (5a)

C .__ "

a/,d
2. . u=

. = + i ,(,. o)P(;.Wt. (Sb)
• ro

where nF_ is the solar flux at v,'a_elength £. P is the phase function,/is the viewing direction, 7 is the angle between r and L
and la is the background intensity, which will be discussed later.
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DISTANCE FROM SUN R (AU)

FiG. 8.--The calculated ,,olume emissivity for the interplanetary H L_ line at various look angles The parameters u,,ed in the calculation are

N o=0,1 cm-a I._=_km s-I. gF,= 2.2 x i0 Ij photonscm-2 s-I, .=07. and ,8=6 x 10-"s-I The solid curve is for an interstellar gas
temperature of 10" K, and the dashed curve is for a temperature of 0 K.

In Figures 8 and 9 we show the calculated volume emissivity for interplanetary hydrogen and helium with To = 0 and
10" K, for an interstellar wind velocity of 20 km s- _,and interstellar densities ofNo = 0. l cm- 3 for H and 0.01 cm- 3 for

He. At large distances from the Sun, the solar effect on the density distribution is small, and the interplanetary emissivity
due to the decrease in the solar flux will drop approximately as rZ 2 We note that in the region of small angles and large
distances (0 < 90 °, • > 8 AU for the H glow; 0 < 120 °, • > 4 AU for the He glow), the effect ofgas temperature on the
resulting emission appears to be negligible, and the density distribution for the cold temperature gas (eq. [1]) appears to
be a good approximation for the high temperature distribution (eq. [3]). ]t may also be noted that interplanetary
hydrogen, because of the large ionization rate and the small net effect of solar gravity, has a weak emission in the
downwind direction. On the other hand, the helium emission, due to strong solar gravitational focusing and the small
ionization rate, has its strongest emission in the downwind direction.

From Figure 8 we see the hydrogen emissitivity at small solar distances is quite different for the hot (T = 104 K ) and
cold (T = 0 K) models. At • = 2 AU, the hot model emissixity at 0 = 0 ° is a factor of about 1.2 of the cold model and
increases to 3.2 at 0 = 150 °. However, for the case of helium (Fig. 9) the difference in the hot and cold models is less
significant and the ratio of emissivities never exceeds a factor of 1.5 even at small solar distances. The different behavior of
hydrogen and helium is related to their loss rates. High-temperature interplanetary atoms cover a large portion of
velocity space while the atoms of zero temperature have one trajector,v for each spacial position. High temperature atoms
from an elemental volume of space will follow different trajectories and will have different loss functions which are
proportional to their flight time and loss rate. Hence the interstellar density distribution function of high temperature
atoms is likely to be different from the distribution of zero temperature, and the difference is expected to increase with
increasing loss rate. Thus, the difference between the hot and cold models will be large for the case of hydrogen due to its
large loss rate, and the effect is more profound down_'ind than upwind because of the large flight time. On the other hand,
the difference in helium emissivity is small because the loss rate for helium is a factor of 10 less than that of hydrogen.
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In our calculation of the H I._ intensity, the solar flux nFa at 1216 A is assumed to be constant over the range of
Doppler shifts produced by the motion of the hydrogen atoms (Thomas 1978). On the other hand, in the calculation of the
He 584 A, intensity, the solar He line profile is assumed to be Gaussian with a line width of 122 m._ (Maloy et al. 1978).

The value of nFa depends on solar activity at the time of observation. For the H La line the value can be expressed in
terms of the solar 10.7 cm radio flux Fjo._ by (VidaI-Madjar 1975)

rtFa(l.,a ) = 0.54 x 101 l(I.l 7 x I0- z FIo _ + 1.49)"s_ photons cm- 2 s- _ A- _ , (6)

where F,o-r is in units of 10- _ W m- _ Hz-

For the He 584 A line, according to the data of Hall and Hinteregger (1970), the relation is given by

xFa(He) = (0.22 + 0.0034Fto.7 ) x 10 '° photons cm -2 s- 1 A- 1 (7)

However, a more recent measurement by Maloy et al. (1978)indicates that the solar He line flux density corresponding to
a radio flux of Flo..7 = 90 is 2.0 x 10 '° s- l cm- 2 A- ', while the corresponding value from Hall and I:'linteregger is only
~ 0.5 x 10 '° s- _ cm- _ A- _. We adopt here the more recent value of Maloy et al. and obtain for the solar He flux

nFa(He) = (1.7 + 0.0034F1o._ ) x 10 j° photons cm: s- _ A- 1 (8)

Using equations(6) and (8), the yearly average solar flux from 1972 to 1977 is determined and summarized in Table 1.For
the H L'_ flux the variation is from 2.9 to 2.0 x 10 __ cm- _ s- _ A - _, and for the He 584 A line the variation is from 2.1 to
1.9-x I0 _° cm- _ s- _A- '. Thus, the variation of solar flux xF, over a period of five years is significant and is included in
the'following interplanetary glow calculations.

For La emission, the scattered light is nearly isotropic and the phase factor can be expLessed as (Brandt and
Chamberlain 1959)

P()')= 1 + ¼(cosz )'- _), (9)
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TABLE 1

SOLAR FLUX FOR Tide H Ltl 0216 ./t) A_D He 584 ./_ LI_ES

F,o., _F,(I._) nF_(He I
Yea/" (lO_:Wm-2Hz -') (lO'Icm-_s-,_ -z) (lO,Ocrn-:s-,A-t)

1972 .........................

1973 .........................

1974 .........................

1975 .........................

1976 .........................

1977 .........................

122 Z9 (0.9) --: 2.1

93 _ (0.7) 2.0
s6.6 :'2 (0.7) - 2.0
76 zo (06) 2.0
73 2.0 (0.6) 1.9

87 2.2 (0.7) ZO

Noft.--The number in parentheses is the corresponding value of the parameter /z

and the phase factor for the He 584 Jk line is

P(;,)= ,_(1+ cos: r). (10)

The interplanetary hydrogen atoms arc ionized primarily through the charge-exchange process with the solar wind

proton (Axford 1972). With a possible proton flux varying from 3 x 10s to 2 x l0 B cm -2 s- _ in a single cycle (Diodato.
Moreno, and Signorini 1974) and a cross section of 2 x 10- _: cm- _ for the charge-exchange process, the loss rate is
calculated to be from 4 x 10- _ to 6 x 10- "_s- 1.The interplanetary helium loss results from thc photoionization by the
solar photons at wavelengths less than 500 A. Using the measured EUV solar flux of Hinteregger (1970) and the
photoionization cross section of Cairns and Samson (1965), the loss rate of helium is dclcrmined to be 6 x 10-s s-
However, the solar EUV flux can vary significantly over a solar cycle (Timothy 1977), but its exact variation remains
uncertain (Schimidtke 1978). Here, we adopted a value offl = 6 to 8 x 10- s s- 1 for the intcrplanetary helium. As we
will see later (in Figs. 11 and 13), the uncertainty in our theoretical calculations for the interplanetary glow resulting from
the different values in /_ is less than 10Vo and is of the order of our data noise level.

The background radiation 16 in equation (5) includes (1) galactic radiation over the band pass of the instrument. (2)
multiple scattering of solar photons by the distant interplanetary gas, and (3) the scattering of solar photons by the fast
atoms (V ~ 100 km .s- l) produced by the charge-exchange reaction at and beyond the heliosphere boundary. Based on
the measurement of a La photometer on the Mars 7 spacecraft (Bertaux et al., 1976), the possible galactic radiation over a
200 A bandwidth which included the La line was estimated to be less than 50 R, while the value from the observed Ha

background data inferred is less than 10 R (Thomas and Blamont 1976). A recent measurement of galactic radiation by
the Voyager ultraviolet spectrometer indicate the integrated intensity between 900 and 1200 A is about 10 R (Sandel,
Shemansky, and Broadfoot 1979). The measured intensity is found to fall steeply toward shorter wavelengths, beginning
at about 950 A, but is a slowly increasing function toward longer wavelengths. A linear extrapolation of their observed
spectra leads to an intensity of _ 30 R in the 200 to 1400 )k bandpass of the Pioneer 2L channel photometer. The galactic
radiation in the spectral region between 200 and 600 A where the 2 s channel is most sensitive has never been measured.
However, since the wavelength for this radiation is well below the hydrogen ionization limit and can be absorbed strongly
by the interstellar medium, the contribution of the galactic radiation to the observed 2s signal is expected to be very small.

The importance of multiple scattering of solar resonance radiation in the nearb2, interstellar medium has been
investigated by Wallis (1974) and Keller and Thomas (1979). It appears that the problem may be important for the
hydrogen La line and unimportant for the helium 584 A line. However, the radiative transfer problem relevant to the
interplanetary background intensity has not yet been completely solved. For an accurate quantitative result, more
realistic considerations of the interplanetary gas density distribution and the frequency redistribution effects are required
(Keller and Thomas 1979).

The possibility of fast hydrogen atoms, produced by charge exchange at and beyond the heliosphere boundary,
contributing to the observed interplanetary radiation has been suggested bv Patterson et al. (1963). It was suggested
subsequently, however, that the interplanetary radiation observed from the Earth's orbit results primaril) from
resonance scattering by penetrating interstellar hydrogen (Blum and Fahr 1970). More recently, Blum and Lang (1979)
have proposed that the fast hydrogen may contribute 40-160 R at a distance of I AU, with the uncertainty depending on
the location of the heliosphere boundary. In the following discussion of our Pioneer 2t data. the possible contribution
from these sources to the observed radiation will be included in one term, I6, and, because of a lack of accurate
information, this radiation will be assumed to be isotropic and independent of radial position with respect to the Sun.

As mentioned above, the contributions of galactic radiation and multiple scattering by interplanetary helium appear to
provide an insignificant part to the observed 2s signals. Moreover, scattering of the solar 584 A line by fast helium is also
likely to be small because of the narrow line width (-,. 0.1 A) of this solar line, and the expected low concentration ofhot
helium plasma at the heliosphere boundary, required to produce the fast helium atoms through charge exchange
processes. Thus, in the discussion of the Pioneer 2s data, the constant term I6 in our expression for the interplanetary glow
(eq. [5]) will be assumed to be zero.
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V. HYDROGEN GLOW

In Figure 10, we show the theoretical results for the hydrogen glow as a function of spacecraft clock angle. Here, the
physical parameters for interplanetary hydrogen adopted are 16 = 0, V = 20 km s- 1 a = 2500, # = 6 × 10- _ s- '
and No = 0.088 cm -3. The interstellar density No is chosen so that the theoretical values for r > 10 AU are consistent
with our observational data.

Comparison of Figure I0 with Figure 4 indicates that the experimental data during 1972-19_3 de,'iate significantly
from the theoretical calculations. Specifically, depending on clock angle, the intensity variation _ be as great as 100 R.
On'the other hand, the theoretical calculation indicates that the variation should always be less thkn 50 R. Moreover, the
observational data show that the intensity during 1973 reached a minimum at the clock angle _ = 00, while the
theoretical calculation predicts a minimu m at • -- 180 °. The source of these discrepancies is a solar particle background
as"0iscu ssed below.

Close to the Sun it has not been possible to fit the extxrimental data. even for an extended range of"parameters:
a = 250°-260 °,//= 4--6 x 10- _ s- 1,16 = 0 to 40 R. This is primaril) due to the direct detection of solar wind particles,
superposed on the true interplanetary glow. The strong variations in the experimental curves (Fig. 4) are most certainly
due to the ,,'affable particle flux that enters the photometer. Since the energetic particles are flowing from the Sun, the
particle interference should be minimum when the photometer is viewing in the direction with a phase angle (the angle
between the viewing direction and the direction to the Sun)closest to 180 =.For the data ofday 227/1972, the intensity at a
clock angle _b= 180 '_is lower than the intensity at _b= 0°. That is because the phase angle for the viewing direction along

= 180" is 175", while for _b= 0* the phase angle is 135"; thus, the probability of energetic particles entering the
photometer at _b = 180" is smaller than the probability at _ = 0". Similar correlations between the phase angle and the
intensity variation are also found in the observed data from launch through 1973. However, the interference effect
decreases rapidly with distance from the Sun, since the solar flux varies as l/r 2. During 1973. the observed intensity
variation is less than 20 R for I ,-- 200 R, or less than 10°o. During 1974 and later (r > 5 AUg variations in either
the experimental or theoretical curves are insignificant and the particle effect appears to be negligible for the viewing
directions accessible to the Pioneer 10 instrument.
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FIG. tO--Theoretical data for the H La line intensity. The time sequence is the same as in Fig 4. The parameters used in the calculauon are
l,_=20kms °2 ,,=250..B=6x 10- *s-'.u=0.7,N o=0.88cm-3.and I_ =0.



-258-

No. 3, 1981 LTV OBSERVATIONS OF INTERPLANETARY GLOW 1155

It may be noted that the model used in Figure 10 (with the parameters n = 0.88 cm-3, IG -- 0) does not fil the

observational data very u,,el] even at large distances from the Sun (Fig. 4). For example, the theoretical results for day
253/1974 (curve 7)give an average brightness of about 180 R while the observational value is only about 125 R However,

if we change the parameters n and la in the theoretical calculation from the values of 0.88 cm- 3 and 0 R to 0.4.4 cm- 3 and

40 R, then the theoretical data meter 1973 correspond quite closely to the experimental results.

In Figure 11, the theoretical data averaged over all clock angles are plotted as a function of the Sun-spacecraft and are

compared with the experimental data. In this figure, the theoretical data are calculated fro_- equation (5) _-ith various

_ combinations of possible parameter values. In the model calculation we assume that the wind direction is in the ecliptic
. plane with right ascension, ,,, bet_'ecn 250 ° and 270 °, with a _ind velocity V = 10-20 km-s- 1 and an ionization rate

fl=4 to 6 x 10 -7 s -_, an interstellar temperature To =0-10 `= K, and a background radiation la =0--40 R. The

_ densities No are chosen so that the theoretical curves _ouid fit the experimental data at large distances. It is clear that the

_ theoretical data set with Ic = 0 does not fit the experimental data u,'ell. The theoretical values at distances from 4 to

10 AU are al_'ays higher than the experimental values. Hov, ever, as the parameter Ic increases to 40 R -_ 10 R. the

theoretical data are consistent with the experimental data for • > 4 AU. The uncertainty of 10 R in the background

radiation is determined primaril) by the background noise level and the uncertainties in the parameter values for = and

flo. For r < 4 AU, the experimental data give higher intensities than the theoretical data for IG -- 40 R. possibly due to

particle interference as discussed earlier.

To fit the observed data with lc = 40 "i" 10 R, the hydrogen density at infinity is required to be No = 0.04 +

0.01 cm- a. This density is consistent with the result from Mariner I0 measurements (Ajello 1978). but is loner than the

Copernicus value of 0.08 cm- 3 (McClinlock et al. 1978) and the value of _ 0.1 cm -_ from Thomas and Krassa (1974)

and Bertaux, Ammar, and Blamont (1973).

It may be noted that our value of 1_ = 40 _+ 10 R includes the 30 R value of the galactic radiation bet_een 200 and

1400 A, inferred earlier from the measurement of Sandek Shemansky, and Broadfoot (1979). Accordingl), the constant

back_'ound glow due 1o multiple scattering of solar La by the interplanetary gas at large distances, or scattering from fast

atoms which originate at the heliosphere boundary, is probably about 10 R.

;'L HELii:_ OL,_'_"

In Figure 1Z the theoretical helium glow inlensit) _with 1_ = 0, I'b = 20 km s- 1 _t = 260 °. fl = 6 x 10 -a s- l/_ = 0.

and N o = 0.01 cm- 3, is calculated as a function of spacecraft clock angle. Comparing Figure 5 with Figure 12, it may be

seen that the experimental curves for 1972 through 1973 deviate significantly from the theoretical curses. As in the

hydrogen data, this desiation is also caused primarily by the interference of charged particles. Such data are not used in

the following analysis.
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FIG. ! 1--Comparison of theoretical and experimental radial profiles for the H I._ glow' The small struct_c in the theoret)ca] curves results
primanl) from the rather irregular variation in the solar flux and the usage of a finite number of points m the theoretical calculations (at an mtcr',al of
0.5 AU).
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It is noted that the theoretical curves would predict an intensitv r_ak with an amnlitude of _ f) Iqg R _T ,,6 = 1Rf_° fnr

the data of 1977, since the viewing field is close to the dovenwind direction. However, no apparent max'irnu-mv,as (tei_iecI

in the experimental data, perhaps because the expected sisals are small and near the background noise level.

In Figure 13, the theoretical intensit) averaged over clock angle is plotted as a function of distance and is compared
with the experimental data. In general, the theoretical curves with No = 0.01 ± 0.002 cm- 3 and V = 20 km s- 1 fit the

observational data quite well between 4 and 10 AU. The uncertainty in the helium density is determined by the data's

noise level. It is noted that the observational values for r < 3 AU are larger than the theoretical values and this is again
due to charged particle interference However, for r > 10 AU, the observational data are also above the theoretical
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curves, although the charged particle flux is small. One possible explanation for the large background is that the dark
count rate has increased with spacecraft age due to the increasing gamma radiation from the radioisotope thermoelectric
generators on the spacecraft. Unfortunately, the exact time variation of this dark count rate is not yet known, and exen a
small variation of about 1 count s- _ could significantly affect the accuracy of the experimental data, which is less than 7
counts s- i for r > 10 AU. It should be noted, however, that our values of No = 0.01 + 0.002 cm- a are determined from
the data between 4 and 10 AU where charged particle interference and the variation in dark_count are minimal. Our value
of No _ 0.01 cm -3 is consistent with the upper bound value of 0.0089 + 0.005 crn -3 determined by the extreme-ultra-
violet telescope observations made during the 1975 Apollo-So)u: Test Project (Freeman, Paresce, and Bow2,er 1979). and
compared well with the value 0.008 + 0.002 cm- a of the Mariner I0 measurement (Ajefio, Witk and Blum 1979).

VII. DI_,qATIONS OF THE OBSERVATIONS FROM THE MODEL CALCULATIONS

E,,en with the best possible fit, the theoretical calculation for the H and He glow deviates significantly from the
experimental data for r < 3 AU, and for r > 10 AU in the case of helium. The discrepancy has been attributed to (I)
interference from energetic particles and (2) possible gamma-ray contamination of the He channel at large distances.
However, the deviation may also be caused by the inadequacy of the theoretical model which neglects the following
factors:

1. Jorian perturbation of the interplanetary density distribution in its ricinitv, whsch arises because of its large mass
and its intense radiation belts (Fahr 1976).--Not only was the UV photometer on the Pioneer spacecraft close to
Jupiter for a significant period of time during the Jovian approach, but it also viewed a region less than 0.5 AU away
from Jupiter before the Jo,,ian encounter for a period longer than 1 year. Thus, the theoretical calculation near
• --, 5 AU, which does not include the Jo_4an perturbation, should be modified to include this effect.

2. The uncertainty in the solar hydrogen L)'man-a and helium 584 A flux and their dependence on the 10.7 cm radio
flux.--For example, for the same solar conditions with a 10.7 cm solar radio flux F1o.7 equal to ~ 100, the intensity
of the solar He 584 ,_, line is found to be 0.5, 1.2. and 2 x 10 t° cm- 2 s- 1 ,_- 1 in three different experimental
measurements (Hall and Hinteregger 1970; Schmidtke 1976; Maloy et al. 1978). Perhaps the solar He line flux is not
adequately given by equation (8) above, thereby contributing to errors in the model calculation of the helium glow,
especially for r > l0 AU.

3. The absorption of solar light by interplanetary gas.--In the theoretical calculations, we assumed that the solar
line profiles are unchanged with distance and that the solar flux density varies as I/'r 2. These assumptions are not
correct at large distances because of interplanetary absorption (Wu and Judge 1979a).

4. The radial dependence of the background glow and its t,ariation with the riewing direction.--As mentioned earlier,
the background glow can arise from galactic radiation, multiple scattering, and scattering from fast atoms which
originate at the heliosphere boundary The magnitude of this radiation may vary significantly over the heliosphere
(Keller and Thomas 1979; Blum and Lang 1979). The assumption of constant background radiation in our
calculation may thus also require modification.

VIII. SUMMARY AND CONCLUSIONS

The interplanetary glow intensity observed by the Pioneer 10 UV photometer at Sun-spacecraft distances of 2-14 AU
has been presented. From these data we have determined that the background intensity for the 200-1400 ,_ band pass of
the ,;.I.photometer channel is about 40 + 10 R, and that the nearby interstellar density is 0.04 + 0.91 cm- 3 for hydrogen
and _ 0.01 + 0.002 cm- _ for helium. Accordingly, the He/H number density ratio is .-- 0.25 at large distances from the
Sun.

The Pioneer I0 spacecraft is leaving the solar system in the downwind direction, while both Pioneer I I and Voyager will
leave in the upwind direction. The combined UV observations of the interplanetar)glow will provide accurate results on
the physical status of the inflowing interstellar gas and the variability of background radiation as well. As we have noted,
one possible source of the background radiation is the" fast " atoms which arrive from the region beyond the heliosphere
boundary. Continued Pioneer 10 and other spacecraft UV observations at great distances may allow us to determine the
radial and angular dependence of these " fast" atoms, and hence to determine the location and shape of the heliosphere
boundary. Finally, since Pioneer and Voyager spacecraft occasionally view the same UV stars, a cross calibration of
sensitivity is available to assure the reliability of the data and the usefulness of continued deep space observations.

This work was supported by contract NAS2-6558 with the NASA Ames Research Center.
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ABSTRACT

The heating of inflowing interstellar gas by the solar wind is calculated.

The experimental differential cross sections have been used for calculating

electron - H (He) and proton - H (He) elastic scattering rate coefficients.

The solar wind is assumed to be a two-component (protons and electrons), steady,

spherically sy_Tnetric stream moving radially outward, with the inflowing gas

fallowing Keplerian trajectories. The spatial distributions of effective tem-

perature increase within interplanetary space have been obtained.
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I. INTRODUCTION

Solar wind protons and electrons can transfer their kinetic energy to

interplanetary gas (H and He) through elastic collisions. The possible

temperature increase of the interplanetary gas from proton he_ting (at l A.U.)

has previously been calculated to range from several thousand-degrees

(-Fahr, 1978) to a few hundred degrees only (Wallis, 1975 and Holzer, 1977).

Obviously, the amount of the estimated heating depends on the collision

cross sections for elastic scattering which have not been chosen consis-

tently in the above work (see discussion in Section If). However, the

elastic collision cross sections for scattering of protons by H and Hi have

been measured (Houver et al., 1974 and L_ster, 1971), as well as those for

appropriate electron scattering (the heating of interstellar gas by solar

electrons based on these cross sections have been estimated by Wu and Judge,

1978). These experimental cross sections appear to be more reliable than

the theoretically estimated cross sections that _ve been used in the previous

papers on proton heating. We propose to employ the measured laboratory

elastic collision cross sections to derive the temperature distribution of

hydrogen and helium in the interplanetary medium as a function of radial

distance from the Sun, r, and the angle, B, between the antiparallel direc-

tion of the interstellar wind and the radial position vector _. The tra-

jectories of the interstellar particles can be assumed to be Keplerian (in

the gravitational field of the Sun), and the exchange of collision energy

with the radially outward flowing solar wind will occur in all three

directions.

Models of the interaction between the solar wind and the interstellar

Wind flowing into the interplanetary system are often based on a simple

picture of both winds. The common model (Axford, 1972; Fahr, 1974, 1978;

Fahr and Lay, 1974; Wallis, 1973, 1975; Holzer, 1977; Thomas, 1978; Wu and

Judge, 1978, Kunc, 1980) is based on the assumption that the solar wind is



-266-

a two-component (protons and electrons) steady stream having spherical sym-

metry and moving radially outward (the stream speed is about 400 km/s). The

physical properties of the wind are determined for the average activity of

the Sun and the interstellar particle trajectories are

regarded as Keplerian and independent of each other. The interstellar wind

is considered as a mixture of mostly atomic hydrogen (90%) and atomic helium

_I0%) inflowing from far regions of the heliosphere where its temperature

seems to be equal to about lO,O00°K. The velocity of the interstellar wind

at this far region is equal to about 20 km/s. Moreover, both winds have

3very low density; n _ 5 cm "3 for the solar wind at ] A.U. and n = O.l cm"

for the interstellar wind at "infinity". The temperature measurements of

Bertaux et al. (1976) seem to give direct evidence that the interplanetary

hydrogen is hot in the vicinity of the Sun with the further conclusion that

its "infinite" distance temperature is equal to about lO,O00°K. The models

based on the above assumptions have been successful in investigating the

processes of energy exchange between the solar wind and the interstellar

wind. The above assumptions allow one to use binary encounter theory (e.g.

Gryzinski, ]965) for analysis of single scattering events and to then average

the results over the dynamical properties of both winds. Such an approach

is very convenient for devising and interpretating spacecraft based experi-

ments measuring energetic properties of the interplanetary medium, because

it gives detailed "directional" changes in dynamical properties of the par-

ticles. As mentioned previously, Section II discusses the differential

elastic cross sections. Section Ill presents the general approach used

Sn this work. Section IV summarizes the results of the present work

For heating the interstellar wind by solar protons and, by analogy, data

for heating by solar electrons. The last Section discusses th_ results

for both solar proton and electron heating.



-Z67-

If. DIFFERENTIAL CROSS SECTIONS

As has been mentioned above, there is cor_non agreement that the velocity

of the solar wind is about 400 km/s for average solar activity. This velocity

corresponds to proton e_ergies of about 800 eV. The differential elastic

scattering cross sections used by other investigators mentione_ above (Wallis,

}973, 1975; Holzer, 1977 and Fahr, 1978) were based on theoretical estimates

_nd were inconsistent with each other resulting in large discrepancies in the

final results. The elastic cross section used by Wallis was independent of

scattering angle X and was equal to about 120ao 2. It was calculated from

interaction potentials using the electronic potential data of Bates and Reid

(1968). Using Wallis'formulas obtained from the Fokker-Planck approach, we

have estimated that the atomic hydrogen temperature increase due to proton

heating is equal to about 270°K (upwind) and 1300°K (downwind) at r = l A.U.

Similar calculations for helium heating yield a temperature increase of

about 2500K (upwind) and llO0°K (downwind).

The calculations of Holzer (1977) were based on elastic collision cross

sections evaluated from the theoretical models of Dalgarno et al. (1958) and

Wallis (1976). This cross section was evaluated as a function of scattered

particle velocity greater than a certain "threshold" velocity Wo. The corres-

ponding temperature increase was based on the mean velocity change < w >. For

example, the value of the cross section for a velocity change greater than

1 km/s was equal to about 20ao 2, whereas the corresponding cross section for a

velocity change greater than 4 km/s was equal to about 5a: 2 and exponentially

decreasing with w:. These numerical calculations performed for heating inter-

stellar hydrogen gave a temperature increase of less than 300°K for r = l A.U.

The method of Dalgarno et al. (1958) was used in Fahr's (1978) calculations

to determine the elastic cross section for collisions with impact parameters

larger than the Bohr radius ao. For smaller impact parameters the well-known

Rutherford formula had been used. The cross sections, obtained in this
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way, gave values four times........larg_r fhan those of Ho!zer l!gv7_, i. "'<''_o,,,_these

cross sections and the kinetic approach he had estimated that the temperature

increase of the inflowing gas, resulting from proton heating, should be 26DO°K

(upwind) and 7000°K (downwind) at r = 1A.U.

As one can see from the above discussion all elastic cross.sections of

tee previous works were estimated theoretically and they differ-markedly from

each other. Because the importance of the correct cross sections in such cal-

culations is essential, the experimental differential elastic cross sections

have been used in the present work. These experimental cross sections are

based on the measurements ofHouveret al. (1974) for the H+ + H interaction

at Eo = 700 eV and the measurements of L_ster (1971) for the H+ + He inter-

action at Eo = 800 eV. In the range of the scattering angle X where the

experimental data are not available (X > 2° for H+ + H scattering) the

"cof+lu,_trajectory" method of Gaussorgues et ai. (lg75a, b) was used in the

present calculations for determination of the differential cross section.

This method gives cross sections that are in good agreement with existing

measurements (for X < 2°) and it seems to be reliable for relatively larger

angles as was discussed by Gaussorgues et al. (1975a, b). It should be emphas-

ized that the values of the cross section for relatively larger values of the

scattering angle X are much smaller than those for X < 2° where measured values

are available.

It should also be mentioned that the angular distribution of azimuthal

scattering angle ¢ has been assumed to be isotropic thoughout our calculations,

which is well-justified for our physical model.

Ill. THE METHOD

- The geometry of a three-dimensional elastic collision between a solar proton

and an interstellar atom is shown in Figure I. The energy increase of the neutral
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atom during the collision can be obtained from general binary collision

consideration. After obvious transformations the components of the energy

increase are as follows:

AEx = E (cos_ cosB - sins cos¢ sine) 2 _ (_)

bey = E (cos_ sine • sin_cos¢ cos_) 2 = (2)

_Ex = E sin2_ sin2¢ (3)

-with

2 m_M
E- 2Vo2

Further geometrical considerations yield the following relationship between

the angle a and the angle >,:

m
= _- I/2 [ x + sin-1(_sinx)] (4)

The energy increase of an inflowing neutral in the ith direction (x, y, or Z)

during a ti_e period dt is _idt. The energy transfer rate Bi can be obtained

from the following general expression:

aEi _;d_Bi - at d-£ Fp _E i dn, (5)

do
where _-_ is the differential cross section for elastic scattering of an inter-

stellar neutral by a solar proton. Fp is the solar proton flux and d_ is the

element of solid angle oriented in the spherical coordinate system; d_ =

sin\d_dc. Introducing the expressions (I) - (3) into equation (5) one gets:

Bi(r,O) = _ J.IFp(r,e) Eo(r,9)".-(x,¢);,._;gi(e, x, ¢)dxd¢, (6)

0 0
where

4m

M (I + _)2"

and Eo = mVo2/2 is the solar proton energy.

in relations (6) have the following forms:

The functions gi (B, x, @) appearing
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gx (e, x, ¢) : cos2esinx cos_ [a(x)] +

+ I/4 sin2e sinx cos2¢ sin 2 [2_(x)], (7)

gy(e, x, ¢) : sin2e sinx cos2 [_(x)] +

+ I/4 cos2e sinx cos2¢ sin 2 [2=(x)] _ (8)

gz (B, x, ¢) : I/4 sinx sin2¢ sin 2 [2a(X)], (g)

where the relation Q(x) is given in Equation (4).

The energy increase of an interstellar atom moving in the ith direction

in time T = t - t® is (Kunc 1980):

£_) d£aEi : Sidt : Bi _,

t= o

(I0)

with

dE

Vo([)

whe re

{- _-]-(I+ )

Vo= 2

r 2
de',

V°®6

-I/2

dr for 6 = 0

for6 ,I, 0
(ll)

c : (v==)2
(I-_)GM s" (12)

In the above t-t= is the interval of time required for a neutral to

traverse the path £ from infinity up to a point (r, e). Vo= is the interstellar

wind velocity at "infinity", let us say at the boundary of the heliosphere, and

is the atom trajectory impact parameter. The quantities G, Ms and _ are the

universal gravitational constant, the mass of the Sun, and the ratio of the

_adiation force to the gravitational force of the Sun, respectively.

; It should be emphasized that two different trajectories with two different

impact parameters can meet at a local spatial point defined by-r and 9

(Axford, 1972). The appropriate impact parameters can be found from the following

relations:
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i L J

The particles of these two trajectories contribute to the neutral density

at point (r, O) by different amounts. The ratio of the density of neutr.als can

be found from the following expression:

I

.2 I,
N--l-: I-_-i/ exp [-Bion "re2

Vo _

where Bio n is the ionization rate.

atoms in ith direction

£)

_Ei : {l +NTF Bi _ + --NI B, Vo-_-CLT

0

(15)

Equation (15) can be expressed in terms of ÷ using equations(t1) and {13).

The appropriate upper limits of the integrals in equation (15) are then e and

2_-@, respectively. It should be noted that during integration in Equation (15),

= 61 when ¢ < _ and _ = _2 when e > _.
o

Let us now discuss the notion of "temperature" that is used in the present

work. Because of the lack of equilibrium between translational degrees of free-

dom of a heated atom (in the case of heating by protons this anisotropy is a

strong one which was suggested by Holzer (1977) and has been confirmed by the

present calculations) the concept of temperature should be used with caution and

the terms "effective temperature" will be used instead. First of all we will

define the dependence between the effective temperature increase of the heated atom

and the appropriate translational energy increase. This is necessary for any

theoretical or experimental data analysis and interpretation. For the case of

heating by electrons the total effective temperature increase is here defined as

- 2 2
AT : _ aEtot = 3k- _Eo, (16)

Having the ratio (14) one can get the total energy increase of the interstellar

], (14)
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given as -272-

AT i = _ AEo (17)

For the case of heating by solar protons the total effective temperature

increase is defined as: _

3
2

AT : _l_ _ aE i , (IS)
i=l

-and if one defines the appropriate "directional" effective temperature as

then

2
AT i : _ AE i (19)

3

AT = Z ATi (20)
i=l

IV. EFFECTIVE TEMPERATURE DISTRIBUTIONS

The spatial distributions of the effective temperature increase of inter-

stellar gas within the interplanetary system due to proton heating are shown in

Figures 2-9. The following assumptions of characteristic astrophysical quar,tities

have been used in the calculations:

- as mentioned in the first section the spherically symmetric steady stream

of protons and electrons has been taken as a model of the solar wind. In

such a model the solar proton flux Fp(r) = F°r -2, where F° is the flux at

r = I A.U. In our calculations a value of Fo (average over a solar cycle)

equal to 2.5 • 10B cm-2sec "I has been assumed (Thomas 1978).

- the ratio of the radiation force to the gravitational force _ has been taken

as equal to 0.7 for hydrogen and zero for helium (Emerich and Cazes 1978).

It should be mentioned that these values were obtained on the basis of

an assumption that the radiation force is spherically symmetric and varies

as r"2, similar to the gravitional force;

- the interstellar wind velocity at "infinity" is equal to 20 km/s.
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- the ionization rate Bio n has been taken as eoual ÷o 6.10 -7 and 6.10 -8 for the

interaction of solar protons with hydrogen and helium, respectively. These

values result from the recently investigated models (see review of Thomas

1978). " _

_ The results for the total effective temperature increase of interstellar gas

due to electron heating have also been updated using the method of Wu and Judge

(197B), but with a Yalue of _ = 0.7. The numerical results for electron

heating of hydrogen and helium are shown in Figures10 and 11, respectively.

V. CONCLUSIONS

The results presented here show clearly that the heating of the interstellar

wind flowing toward the Sun, due to the solar wind, is significant within the inter-

planetary system. As can be seem from Figure 5 and 9, the total effective temper-

ature increase in the vicinity of the Earth is equal to about 400°K (upwind) and

1600°K (downwind) for hydrogen heating by solar protons and about 500°K (upwind)

and 1400°K (downwind) for helium heating by solar protons. For comparison, the

appropriate values of effective temperature increase of interstellar gas as a

result of heating by solar wind protons are su,._,,arizedbelow as given by other

authors :

- the calculations of Wallis (1973, 1975) gave 270°K (upwind) and 1300°K

(downwind) for hydrogen heating and 250 ° (upwind) and llO0 ° (downwind) for

helium heating.

- the values obtained by Fahr (1978) gave 2600°K (upwind) and 7000°K (downwind)

for hydrogen heating.

- the values obtained by Holzer (1977) for heating of the interstellar

: hydrogen are close to those of Wallis.

- It should be emphasized that the present results agree in erder of magnitude

with the results of Wallis and Holzer and strongly disagree with those of Fahr.

As mentioned earlier, only the present calculations have used the experimental

differentlal cross sections for elastic collisions while others used theoretical
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estimates which differ-significantly from each other. Also, different general

approaches were used by the other authors to estimate the temperature increase.

Therefore, it is difficult to point to the main source of discrepancy between

particular authors without a special, separate analysis devoted to this problem.

Fbwever, it seemsthat Oneof the major sources of the discrepancy (except perhaps

doubtful reliability of the theoretical estimates of the cross sections) results

from the fact that Fahr has used the general Boltzmann Kinetic Equation in a

l_asual way. Such an approach requires a well-defined "phase fluid" in the phys-

ical description of the problem. This requirement may not be fulfilled under

conditions existing during the interaction of the solar wind with the interstel-

lar wind. In other words, the local fluctuations of the density of phase points

may be larger than their average local values. In such a case the casual kinetic

approach should be markedly modified, and such modification can give a significant

difference in the final results.

Another important conclusion that can be obtained from the results presented

here is that the heating of the interstellar atoms by solar protons takes place

primarily in the directions perpendicular to the atoms trajectories and this is

true for both the heating of hydrogen and helium.

In addition, it should be noted that the temperature increase for atomic

hydrogen heating by solar protons is comparable to the helium heating throughout

most of the interplanetary space. Thus, heating of the interstellar wind

by solar protons does not cause significant differences in energy equilibration

between both major components of the interstellar wind. For a full description of

the problem, the results of heating of interstellar hydrogen and helium by solar

electrons are shown in Figures 10 and ]], respectively. These results have been

obtained with the characteristic astrophysical quantities specified above. The

temperature increase of hydrogen and helium heated by solar electrons is equal

to 450°K (upwind) and 1700"K (downwind) for hydrogen and 80°K (upwind) and 2DO°K

(downwind) for helium, at the orbit of Earth, These values lead to the interesting
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result that the temperature increase of interstellar hydrogen resulting from

heating by solar protons is comparable to the temperature increase

resulting from heating by solar electrons. This results from dynamical properties

of the interparticle coIJisions, differential cross sections and energetic proper-

ties of electron and proton componentsof the solar wind. It s_ould also be added

that there is, however, remarkable difference in the spatial distributions of the

s_attered particles; in the case of electron heating the spatial distribution of

the interstellar atoms is close to isotropic, whereas in the case of proton heating

the spatial distribution of the scattered atoms is strongly anisotropic. In the

latter case, as was discussed previously, the atoms are scattered most'ly in direc-

tions perpendicular to their original trajectories. This fact must be taken into

account in further development of the problem discussed in the present work. Also,

dissipative energy processes within the solar wind during its radial propagation

outward. Both the heating by electrons and by protons has been calculated on the

basis of a model of the solar wind moving with a constant speed. Because of the

effects of growing entropy, the energy associated with the wind velocity is trans-

formed into its thermal energy, changing the the velocity of the wind. However,

these effects becomesignificant only for large radial distances where the

heating is much smaller than at distances close to th_ Sun.

It should also be rememberedthat sometemperature distributions shown in

Figures 2-11 have been obtained for radial distances as small as O.5A.U. However,

in reality, someof the atoms will not reach the interplanetary regions close to

the Sun because of the increasing probability (with decreasing radial distance

from the Sun) of their being destroyed (Kunc ]980) and also because of the deflec-

tion of the interstellar atoms from their original trajectories due to radiation

pressure (Thomas1978).
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It should be mentioned that the approach used in the present work is

very convenient for interpreting spacecraft-based experiments measuring the

effective temperature of the interplanetary medium. Such measurements should

be taken in a plane cont_aining the Sun and the axis-direction of the interstellar

wind, but at various rotational positions. Because of the very low density of

the interplanetary neutrals such a "directional" approach, like that presented

here, seems to be convenient from the experimental point of view and the sub-

sequent interpretation of the measurements.
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FIGURE CAPTIONS

Figure I.

-278-

Dynamics of the elastic collision between a solar proton and

an interstellar wind atom.

vo and v

m

M -

r

e -

Q

X

- proton velocities before and after elastic

collision, respectively.

the proton mass

atom velocity after collision

the atomic mass

radial direction

the angle between r and the upwind direction

the angle between r and velocity of the atom after

col lision

the angle between r and velocity of the proton after

collision

azimuthal scattering angle

Figure 2. Effective temperature increase contours (x-direction component)

for heating the neutral interstellar hydrogen by solar wind

protons with _=0.7 and Vo®=2okm/s.

r is the radial distance from the Sun in A.U., _ is the

angle between r and the upwind direction. The upwind direction

is along the positive x-axis (e:O°).

Figure 3. Effective temperature increase contours (y-direction component)

for heating neutral interstellar hydrogen by solar wind

protons with u=O.7 and Vo®=20 km/s. Meaning of the symbols is

the same as in Figure 2.



Figure 4.

Eigure 5.

Figure 6.

Figure 7.

Figure B.

Figure 9.
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Total effective temperature increase contours (z-direction

component) for heating neutral interstellar hydrogen by

solar wind protons with u=O.7 and V_=20 km/s. Meaning of the

symbols is the same as in Figure 2.

Total effective ter,_)erature increase contours for heating

neutral interstellar hydrogen by solar wind protons with

u=O.7 and Vo'=20 km/s. Meaning of the symbols is the same as

in Figure 2.

Effective temperature increase contours (x-direction component)

for heating neutral interstellar helium by solar wind protons

with _=o and Vo®=20 km/s. Meaning of the symbols is the same

as in Figure 2.

Effective temperature increase contours (y-direction component)

for heating neutral interstellar helium by solar wind protons

with _=o and Vo%20 km/s. Meaning of the symbols is the same

as in Figure 2.

Effective temperature increase contours (z-direction component)

for heating neutral interstellar helium by solar wind protons

with _:o and Vo'=20 km/s. l,_eaningof the symbols is the same as

in Figure 2.

Total effective temperature increase contours for heating

neutral interstellar helium by solar wind protons with p=o and

Vo'%20 km/s. Meaning of the symbols is the same as in Figure 2.



Figure I0.

Figure If.
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Total effective temperature increase contours for heating

neutral interstellar hydrogen by solar electrons with u=O.7

and Vo'=2D km/s.

Total effective temperature increase contours fo_ heating
-T

neutral interstellar helium by solar electrons with u=o and

Vo'=20 km/s.



O01

Y _ _..(_j _

0

Z

!

Y

0
r

r";--/_-. /



1-
(,. °

-
C"

U I01
O

I 20

1 I u I 1

40

-282-

J I I I I

FIG.2

I I I I I

r -- Q5
\ ----.--

20

3

60 80 I00 120 140 160 180

ANGLE 8 (deg)



L

| !

5_

!

50
I

| io
0 - 20 40 60 80 I00 120 ]40 160 i80

!

!
ANGLE 8( deg )

!



I
i0 I

!
! ! j !

0 _ 20 40 60 80 I00 120 140 160 18

ANGLE 8 (deg)



-zs_- / / G.

,_. _' "1 11 ' • I "" 1 I I ! ! ! 1 1 ! 1 i_

(

I0

2(

5O

t ! _ ! ] _ J t ! J ! -

20 40 60 80 I00 120 140 160 18£

I

I

ANGLE 8(deg)



l s -

I

| io
0 20 40

-286- _ I"_ ,_
I ; ,.,._• _,,._

I i I i I I I I _ I ] !

20

5

5

l a 1 ! .1 f

60 80 I00 120_ 140 160 IE

ANGLE 8 (deg)



1 -_- F/G. 7
| ! '1 l- ! 1 I ! ! ! i 1 i" - I i _ j

! -
L • 2-

i

jdi _

F S//'!
i I !
i

|

0 - 20 40 60 80 I00 120 14-0 160 18(

ANGLE 8 (deg)

!



-_°°- F/'- _'

5O

J .! I 1 l I ! I

0 - 20 40 60 80 I00 120 140 160 18C

ANGLE 8 (deg)



3



I

I

0

- 290-
F/G/O

I0

2O

5

! 1 ! I t I I J !

- .20 40 60 80 I00

! 1 I t ) !

120 140 160 180

ANGLE 0 (deg)

I



iI

_-d
i J l i J i l ! ! i i J • i t i i t l0 - 20 40 60 80 I00 120 140 160 180

| ANGLE 8 (deg)

I F/G.il

I



-292-

"RADIAL ENERGY DISTRIBUTION OF THE LOW ENERGY PROTONS

IN IO'S ATMOSPHERE"



I. INTRODUCTION

-- (,._ ..)--

The presence of protons in the vicinity of Io's oribt was detected

by the Pioneer iO and 11 (Frank et al. ]975) and the Voyager l_and 2

spacecraft (Krigimis et al. 19Bl). The measured energy spectra ranged

from a few kilo-electron volts to few million electron volts with indi-

cations that the majority of the protons have energies below 500 keV.

These protons can penetrate the direct environment of Io (hereafter

called "atmosphere") that ranges from the satellite surface up to about

600 - 700 km in altitude. This "atmosphere" seems to contain a cloud

of neutrals such as SO2, SO, 02 , S, 0 and perhaps some others and also

electrons and different ions (see discussion in the next paragraph).

Most of high energy protons can penetrate the atmosphere deeply and get

to the satellite surface. The low energy protons ( < lOD keVi can be

slowed down remarkably by the atmosphere constituents and some of them

may not reach the surface whereas the energy of others can decrease

significantly. The knowledge of the radial distribution of the protons

energy in Io's atmosphere is essential for two processes that may be

relatively efficient in producing neutral hydrogen within the atmosphere;

l) interaction of the protons with the surface containing eventually

hydrogen related substances (Trainor et al. 1973 and Matson et al. 1975)

and 2) production of atomic hydrogen thanks to recombination of the

protons and the electrons of the atmosphere (Carlson and Judge, 1974b and

Frank et al. 1975). The latter possibility was also suggested by the

existence of some strong analogies between an Io torus and a Titan torus

(McDonough and Brice, 1973; McDonough, 1975). In both cases mentioned

above the radial energy distributions (and therefore density) of the
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protons in the atmosphere are essential. Therefore, in further development

of the problem we will analyze efficiency of production of neutrals

through both the above processes and the results will be published else-

where. In the present work we will concentrate on the slowing d_wn of the

low energy protons in Io's atmosphere. Then, we will determine {assuming

th_ densities of the constituents of the atmosphere) the radial energy

distributions and ranges of the low energy protons of initial energie's

(at the top of the atmosphere) being within the interval 5 - lO0 keV.

This range of the initial energie's seems to be especially important for

the possible production of the atomic hydrogen through recombination with

electrons. The protons with such initial energies decrease their energy

even more during their way toward the surface. Only the existence of

protons of such energy within the atmosphere together with a relatively

large proton and electron populations can make the recombination efficiency

relatively significant and larger than appropriate loss processes. The

solving of the last problem can give at least a partial answer to the

question of whether the atomic hydrogen can be produced in Io's vicinity

in a noticeable amount as was suggested by the interpretation of Pioneer

data but was not confirmed by Voyager measurements. It should be added

that if the noticeable recombination takes place in the vicinity of Io's

orbit, it should rather happen in Io's atmosphere than in the plasma torus.

This seems to be suggested by the remarkable difference in the measured

electron densities in the atmosphere (ne = lO5 cm-3; dayside peak; Kliore

et a_. 1975) and in the torus (ne = 2 • lO 3 cm-3; Shemansky, 1980; Begendl

and Sullivan, 1981). Also the atmospheric neutral cloud slows the protons

down much better than the torus plasma, and therefore the number of low

energy protons in Io's atmosphere should be much larger (especially at low

altitudes) than in Io's torus.
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II. GENERAL APPROACH

Let us consider a charged particle of Jovian origin (of a charge

Zpe, mass mp and velocity Vp) slowed down along a direction h b_ a group

of particles of Io's atmosphere (e.g. electrons). We will denote such

a:group by index i and the charge, mass and velocity of a particle of the

ith group by Zia' mai and Va,i respectively. Also, we denote the densities

i Bi
of these particles by N_(h), their scattering angle distribution Pa ( a' h)

i i
and their velocity distribution function by fa (va" h). The above

quantities are, in general functions of position within the atmosphere

h because of the possibility of e.g. local fields. The total number of

groups ito t is larger than the number of the atmosphere gas components

because it concerns all particles taking part in slowing down, i.e. free

electrons, nuclei of ions, atoms and molecules and the electrons of their

outer and inner shells.

The total average stopping power of the slowing down medium can be

given as

® n AE+

d Ep(h) i ..... (Ca i id h - z N (h) / $ $ o(_Eal , ) AEa I , va , h).
i 0 0 AE" ' eal Val Pal

• i " •Ifa I (va , h) d (AEa i) deal dVa I (1)

where _E: is the amount of energy exchanged between particles in a single

collision and is the cross section for the collision in which proton

experiences a change in energy AEai. The quantities AE" and AE+ denote

minimum and maximum energy exchanged during the collision, respectively.

A convenient analytical form of the cross section can be taken from

binary encounter theory (Gryzinski, 1965). This cross section gives

better agreement with experiment especially in the low energy region,
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than the well-known Born approximation cross section used in Bethe's

(1930) formulation of the stopping power cross section. Use of this

cross section is also more convenient in calculations of the contribution

of "ionizing" slowing down collisions (with the transferred energies

larger than appropriate ionization potentials) that may play a certain

role in the slowing down of protons with energies below 100 keV. This

cross section does not depend on the azimuthal scattering angle for

central forces and has the following form:

a(aEa i, eai, Vai) -
II(Zp Za I e2) 2 JVai I

Vp IAEail (%i Vai)2

where

with

x [2 (eai) 2 + bai aEa i] • H [6 (aEai)],

(AEa i)] :ll if _ .>0H [6
l
0 if_<0

(aEa i) (aai)2 " i i)2= _ ba I AEa - (AEa •

(2)

(3)

(4)

• i
In Eq. (2), _a I is the relative velocity vector and Pa

mass of the colliding system. Also

AE-=- K [ _al- _cm .+_al _cm ]

where

i •• j mX lJ

is the reduced

(s)

(6)

bai- 2 K I_cm" _ai I (7)
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and

m
- P real

i)2 • (8)
(mp + ma

In the above Pcm is the vector of the toal momentum of the colliding system.

Because there are no strong fields in the Io atmosphere, the spatial

polarization of the particles taking part in slowing down is not signi-

ficant and their angular distributions are close to isotropic). Thus, the

angular distributions pai are independent of position h, and one can

approximate them by

pa i (eai, Va i, h) deai = I/2 sin ea i dBai. (9)

The triple integral (1) can now be reduced to a single integral

with using relationships (2) - (9). However, to do this it is necessary

to introduce the value of the minimum amount of energy 6Eai that is

transferred in a binary collision or the appropriate value of the maximum

impact parameter Dai (otherwise the integral (1) diverges in the vicinity

aEa i = 0). Asssuming for the time being that the values of Dai are known

(we will discuss it later) the integration of the integral (I) with

respect to aEai and ea i can be done now. After long but obvious trans-

formations one gets:

itot
d

Ep.h.()_ _ z
dh

i=l

oo

Nai (h) Aai I

0

• " i h) dXaig (Xa I) faI (Xa ' (lO)

where

i
g = (_ai) -l { F(s) - F(r) } (ll)

with



where

F(x)- t - p
VT

+ t+p

VT

- 2t /-£-
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tg-I(i_.2__) ]ifx _<I

J
+

II-tg -I ( iJ-__xx ) if x > 1

x +/T+ 1

./I +x 2
+ I/2 (_P_S_ + t v-_ £n (l + x2)

(12)

p=B(_2-1)

s:B(_+l) 2

r = B (X - l)2

t = mp - ma I
i

mp+ ma

i Dai 2Pa v
B= P

Zp Zai e2

m
Aa i R(Zp Zam e2) 5/2 i- (l+ _ )

(_ai)3/2 VP3 _ mp

(13)

i defined as
and a new variable _a

i
i

V a

Vp

The relationship (I0) can be rewritten in a form, sometimes more

convenient, as

d Ep(h) It°t

- i(h ) • Sa id h _ Na (h)

i=l

(14)
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where the Sai(h) is well-known stopping power cross section for the

ith kind of slowing down particles and its form results in an obvious

way from the relationshi E (lO). .

4
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Ill. ATMOSPHERIC PARTICLES

The direct environment of Io (hereafter called "atmosphere"), that

is of our interest, ranges from the satellite surface up to altitude

equals to about 600 - 70D km. The first direct evidence of an atmosphere

oB Io came from radio occultation experiment on Pioneer-lO (Kliore

et al. 1974). The ultraviolet photometric measurements by Judge and

Carlson (1974) and Carlson and Judge (1974a) detected an extended hydrogen

cloud around Io and observations by Brown (1974) and Brown and Chaffee
i

(1974) suggested that Io's atmosphere contains also metallic atoms such

as sodium. It may be added that there were some theoretical models

constructed for Io's atmosphere that considered such gases as CH4

(Webster et al. 1972), NH3, N2 and Na(McElroy et al. 1974), Na and NH3

(McElroy and Yung, 1975; Gross and Ramnathan, 1976 and Johnson et al.

1976), Ne (Whitten et al. 1975) and N2 (Gross and Ramnathan, 1976).

However, most of these theoretical models appear to be unrealistic in

light of the Voyager data on Io's atmosphere. After Voyagers encounters

with Jupiter, basically two kinds of models have been proposed with

respect to the Io atmosphere; so called "thick" model and "thin" model.

The first model was investigated by Kumar (1979), Pearl et al. (1979) ,

Kumar (1980), Bertaux and Belton (1980) and Kumar and Hunten (1980) and

it is supported by the data from Voyager UV (Broadfoot et al. 1979) and

Plasma Science (Bridge et al. 197g) experiments (detection of sulfur and

oxygen ions in Io plasma torus), the infrared measurements by Smythe

et al. (1979) and Hapke (1979) (detection of sulfur dioxide by Voyager

IRiS experiment (Pearl et al. 1979). The "thin" model was investigated

by Lane et al. (1979) Butterworth et al. (19BO), and Fanale et al. (19BO)
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and is supported by the absence of UV signatures of SO 2 in IUE spectra

and the absence of polar caps on Io. In his recently published paper,

Kumar (1981a) has made anlaysis of composition and photochemistry of

Io's atmosphere based on the assumption that the surface densit_ is

controlled by vapor pressure equilibrium. His study (based primarily

on Voyager data) was the next step to better understanding whether the

atmosphere is "thick" or "thin".

The results are shown in Figures l and 2. The final conclusions

of the analysis seem to favor the "thick" atmosphere with a chemically

active surface. However, some remarkable uncertainties still remain

and further development of the problem is necessary. These results,

presented in Figures l and 2, have been assumed in the present calcu-

lations as the composition of Io's neutral atmosphere. It should also

be added that argon atoms and sulfur molecules (Kumar and Hunten, 1980)

as well as sodium and potassium atoms (Krimigis et al. 1981) may still

be present in noticeable amount in Io's atmosphere.

The debate on ion composition of the Io's environment still

continues (Shemansky, 1980; Bagenal and Sullivan, 1981; Shemansky and

Smith, 1981; and Brown and Shemansky, 1981) nevertheless the major

components seem to be Sill, SIV and Oil ions (with ion densities of

order 200 cm -3 each).

Another component of Io's atmosphere that should be taken into

account in our considerations are free electrons. The spatial distri-

butions of the electrons in Io's atmosphere for the day side, assumed

for the present calculations, and night side as measured by Pioneer lO

(Kliore et al. 1975) are shown in Figure 3.

As it was mentioned before, the protons getting to the atmosphere

•
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are slowed down by a large number of different kinds of particles; nuclei

and electrons of various shells of the neutrals and ions and free electrons.

The introductory esimations show, as expected, that the slowing down of

protons by nuclei of the neutrals and ions is much less efficient than

slowing down by bounded electrons of the atomic and molecular shells and

free el ectrons.

Moreover, the electrons of ionic shells and the electrons of the

inner shells of the neutrals play less significant role in slowing down

than outer shell electrons because their remarkably larger binding energy

i.e. larger average kinetic energy. Therefore, we have chosen, for final

analysis, the free electrons and the outer electrons of the neutrals as

the particles having major contribution in slowing down the protons

penetrating the atmosphere. These species are specified in column (1)

of Table I. Having the density distributions n i(h) and the number of
a

the most important outer shell electrons of the given kind of particles,

Bai one can determine the value of Nai(h) as equal to their product

Bai nai (h).
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IV. ENERGY RANGE OF THE INTERACTING PARTICLES

There are three possible major sources of protons that can

penetrate Io's atmosphere; the protons of Jovian origin, the protons

from Io's plasma torus and the solar wind protons that were able-to get

into Jupiter's magnetosphere through the magnetosheath boundary. The

measurements taken by the LECP instrument of Voyager l and 2 during the

recent Jovian encounters (March and July, 1979) showed a large number

of protons of Jovian origin (Zwickl et al. 1981, 8125). In the outer

magnetosphere protons of energy from 30 keV up to 1780 keV (Voyager l)

and from 28 keV to 1450 keV (Voyager 2) were observed. However, most

of the protons seemd to have energies below 500 keV. The analysis of

these measurements in the middle and outer Jovian magnetosphere ( _ lO Rj)

(Krimigis et al. 1981) has showed that protons within the energy range

below 200 keV can be described well by a convected Maxwellian distri-

bution characterized by a temperature kT in the range from _ 20 to _ 45

keV. Also the existence of low energy protons was suggested by the

measurements by the Pioneer lO and II plasma instrument (Frank et al.

1975). They measured the energy spectra from 4.8 to lO0 keV and the

proton densities from lO to lO0 cm-3 within the inner magnetosphere

( _ lO Rj). There have been also some modeling of middle magnetosphere

low energy plasma (Kennel and Coroniti, 1977; Goldstein, 1977; Walker

et al. 1978; and Goertz, 1979) that produced estimates of temperatures

ranging from l keV up to some tens of keV. It should be mentioned that

several authors (Neugebauer and Eviatar, 1976; Goertz and Thompsen, 1979)

s_ggested that these ions might not have been protons, but heavier ions,

however, there is no hard experimental evidence for this suggestion.

The electrons that get to the atmosphere directly from the torus can
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also have low energy. The optical radiation observations of the region

near Io, by Kupo et al. (1976) were interpreted by Brown (1976) as

concerning a plasma of electorn density about lO 3 " 5 cm-3 and temperature

about 20 eV, whereas the'interpretation of Mekler etal. (1977) suggested

plasma of density about 500 cm-3 with a temperature of about lO-eV.

The radial distributions of the electron temperature in the vicinity

of Io's orbit were also measured by Voyager l and 2; Plasma Science and

EUV experiments (Bridge et al. 1979; Broadfoot et al. 1979; Bagenal et al.

19BO; Bagenal and Sullivan, 19Bl and Gurnett et al. 19Bl). The obser-

vations indicated the existence of two regions in Io's plasma torus; an

inner cooler part and the warm outer part and that the outer torus is

centered at about the location of Io's orbit (about 6 Rj). The radial

te_peFature distributions of so cai]ed "high-temperature" and "low-

temperature" electrons are shown in Figure 4. As can be seen from there,

the ratio of densities of high temperature electrons to low temperature

electrons in the environment of Io is equal to about 2 • lO -4. Thus,

the vast majority of the free electrons are of low temperature with the

effective temperature equal to about lO eV. The very small amount of

high-temperature electrons at the orbit of Io have an effective temperature

equal to about l keV as can be seen from Figure 4. Because the temperature

of the low-temperature electrons varie's rapidly in the vicinity of Io's

orbit (within the distance equal to about a half Rj) therefore, the

temperature of most of the electrons in the vicinity of Io's orbit should

be considered as being within the 1 - lO eV range (Figure 4). However,

the fact that the orbit of Io is located about the center of outer region

would suggest that the temperature of electrons in the immediate environment

of the satellite Io should rather be taken as being close to the upper

limit of the range.
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It should be added that the ion temperature in the inner part of

the torus appears to be about the same order as the electron temperature,

whereas most of the ions in the outer part seem to have a temperature
e

of a factor of 3 to 5 higher than the electron temperature in this region

(Scudder et al. Ig81).

The solar wind proton flux at distances from the Sun equal to about

a few A.U. has representative speed equal to about 400 km/s which

corresponds to an energy of an order of l keV (the thermal component is

much smaller at these distances). With dynamic magnetosphere such as

that of Jupiter, a certain amount of solar protons can reach the vicinity

of Io. However, it should be remembered that the proton density at these

heliocentric distances is < l cm-3.

Summarizing the above discussion, one can say that the amount of

low energy protons ( < lO0 keV) getting into Io's atmospehre may be

relatively large' so may be the number of protons slowed down to even

smaller energies. Also, the energy of most of the atmosphere electrons

seems to be about l - lO eV. Because the protons of low energy will be

slowed down significantly, especially at the lower limit of the range,

the spatial distributions of protons energy and density in Io's atmosphere

will be far from uniform.
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The minimum kinetic, energy transfer during a collision can be

determined pretty easily in the case of slowing down by outer eTectrons

of molecules and atoms given in column l of Table I. As it was said

earlier, it is well-known since Bethe (1930) that the major role in

slowing down of protons by neutrals is played by the Coulomb interaction

of the protons with electrons of the outer shells. The models for slowing

down of low energy protons based on such assumption gives the results that

are in good agreement with reality for molecular media (e.g. Bethe, 1930;

French and Seidl, 1951; Segre, 1953). This clearly suggests, at least

for low energy protons, that the abosrption of potentially large amounts

of energy by vibrational degrees of freedom of molecules does not play

a significant role in comparison with the energy transfer to electronic

degrees of freedom in the slwoing down process.

It has also been found experimentally that the low energy proton

stopping power cross section in H2) is almost independent of the physical

state of H2) (Reynolds et al. 1953; Phillips, 1953 and Wentzel and Whaling,

1952). These authors measured the energy losses of low energy protons in

ice and in water vapros and their results are in very good agreement with

each other for the proton energies below lO0 keV. The lack of distinguished

differences in the stopping power cross sections in those two media,

having quite different contribution of the vibration degrees of freedom

in their physical structure, seems to be a hard evidence that the excitation

of electronic states, not vibrational, is dominant in global behavior of

the molecular medium slowing down low energy protons.

energy 6Eai transferred to the electrons must be relatedThe minimum

to the properties of these electrons in their electronic quantum states.
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The smallest amount of the total electronic energy absorbed by a molecule

or atom in the ground electronic state can be found from the energy needed

for electronic excitation from the ground state to the first excited

state. These lowest transitions for species of our interest are shown

in column 4 of Table I. The average kinetic energy of an outer electron

in_the ground state depends on its total energy and its velocity distri-

bution function. Once can assume, as a first order approximation, that

the outer electron distribution is 6-function, of course, independent of

position of the molecule or the atom in Io's atmosphere, having the

following form

fa i (_a i, h) d_ai = 6 (_ai - < _ai >) d_a i, (15)

where <_ai> = <Vai>/Vp.

The low energy proton losses in molecular medium do not obey Bragg's

additivity rule (Reynolds et al. 1953; French and Seidl, 1951) which says

that the stopping power of a molecule is equal to the sum of the stopping

powers of its constituent atoms. Because of this, using of 6-function

seems to be necessary but reasonable first order approximation. Also,

the approximation presented above seems to be supported by the fact that

Io atmospheric components have a temperature equal to some hundreds of

degrees Kelvin (Kumar, Ig80). It means that the percent of the molecules

in higher vibrational excited states is small. These states could cause

a significant distortion of average energies and distributions of the

electronic states considered above.

-I
The bounded electron, moving in an r potential field with a

distribution has its kinetic energy half its total energy. Thus, the

minimum kinetic energy transfer in our calculations can be taken as
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aEa i : AUa i (0 _ I)/2, where AUa i (0 _I) is the excitation energy for

the first electronic level. Also, the average velocity of the electron

in the ground state can be written in this case as

. . /lai

<Va I> - i (16)
ma

where lai is ionization potential of a neutral of the ith kind. It is

i
obvious that the energies AUa should be chosen for the lowest electronic

transitions with relatively large transition probabilities. Determination

of these transitions can be done in the following way. The two lowest

optical transitions in SO2 are of distinctly different kinds; the transition

_3 B1 _ R1AI (25766.9 cm-l) is spin-forbidden and the transition Al B1 _

Xl AI (29622 cm -l) is allowed. In case of SO molecules the lowest optical

transition B3 Z- - X3 z-c (39356.3 cm"I) is a dipole-allowed transition.

In case of the 02 molecule, the two lowest transitions aIag - X3 zg-

+ X3 -(7918.1 cm -I) and bI _g - _g (13195.22 cm-I) are forbidden whereas

the third one A3Zu + - X3 zg- (36096 cm -l) is allowed. The lowest strong

transition in sulfur atom 3p 4 - 3p3 4s (55331 cm "l) is optically allowed

so is the lowest transition in oxygen atom 2p4 - 2p3 3s (76795 cm-l).

Because the collisional cross section for excitation of a particle in

the kth electronic level to the _th electronic level is proportional to

allowed optical transition probability from the level _ to the level k,

the above mentioned energy gaps seem to be appropriate as the smallest

amount of energy to be transferred for the lowest allowed transitions.

These transitions can be highly probable for both processes, i.e., for

optical absorption and collisional excitation. However, the excitation

crCss sections for optically forbidden transitions can be the same order

(maximum values) as those for optically allowed transitions, but they
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decrease more rapidly with increasing electron energy. The appropriate

energy gaps for the allowed and forbidden transitions discussed above

are comparable to each other, except the oxygen molecule where the gap

of the lowest forbidden transition (7918.1 cm-I) differs significantly

from that of the lowest allowed transition (36096 cm'l). As it-was

said previously, the electron mean energy in the atmosphere is equal to

about 1 - I0 eV and therefore it is the same order as the energy of

expected maximum of the appropriate excitation cross section (about

3 - 4 times greater than the threshold energy). Because of that it is

difficult to say which transition is more probable for collisional

excitation and which aU i should be taken into account. Therefore, the
a

calculations of the stopping power of the Io's atmosphere will be done

i
for both transition values of aUa in case of oxygen molecule. The

i i for our species are given in columnsappropriate values of 6Ea and Ia

5 and 6 of Table l, respectively.

The minimum energy transfer 6Eai can be related to the maximum

impact parameter Dai through the following dependence

Da i _ Zp Zai e 2 ,
i

Ea

(17)

because in our formulation of the problem, the most important slowing

down forces in our medium are coulomb type.

In case of free electrons ( i = 6 ) the local thermal model can

be assumed (Scudder et al. 1981) with the maxwellian distribution function

having the following form in our notation:
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fa i (_a i, h) d_a i : /2____, vp3 i
kTai(h)

i Vp2

• ma (_a i)2 d_ a

2 kTa i (h)

(_ai) 2

i
The value of Da in case of slowing down by free electrons can

be obtained from the mean interelectron distance, i.e.

Da6(h) : [na6(h)] -I/3

(18)

(19)

The above results from the fact that we have used the binary

collision cross section (2) to describe the multiparticle system. Such

B
an approach is well justified for conditions existing in Io's atmosphere

however, it should be emphasized that the binary encounter approach makes

sense only for collisions with impact parameters smaller than the means

interparticle distance. Therefore, the equality (19) seems to be a good

approximation for the maximum collision impact parameter in the discussed

case. This is also supported by the fact, that the electron density is

Dai is large and the slowing down interaction islow, therefore getting

weaker rapidly for even larger distances.
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Vl. "IONIZING" AND "CAPTURIP_G" COLLISIONS

There are two kinds of collisions among those causing slowing down

of the low-energy protons,'that should be analyzed here; so called

"ionizing" and "capturing" collisions. The former represent the processes

with the amount of energy transferred to an outer shell electron equal

to or larger than its ionization potential. They cause the deviation of

the densities of the slowing down particles from the values assumed to

calculations. This is done not only by direct ionization by the protons

but also by the ionization caused by the electrons from the direct process.

This also changes the factors Bai because of two effects: I) the fact

that it decreases the number of the outer electrons that are of great

importance for the slowing down, 2) the contribution of the outer electrons

left after ionization act also changes because they have larger binding

energies than in preionization state.

The "capturing" collisions are those in which the outer electrons

can be captured by the low-energy protons, and the reverse process can

occur after a while. The estimation of the slowing down in such case

is very difficult. Also, the capture process decreases the cross section

for proton excitation because some of the electrons gaining enough energy

to be excited to a certain energy level are removed from the neutrals

by the positive potential well of the proton.

In this paragraph, we will calculate first, as an illustration,

contribution of the stopping power of sulfur dioxide constituent caused

by the purely "ionizing" collisions at the altitude equal to lO0 km.

The appropriate results are presented in Figure 8. Comparison of these

results with those in Figures 5 and 6 leads to the conclusion that the
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"ionizing" collisions do not cause any remarkable changes in total

stopping power of the medium. Moreover, the contribution of the

"ionizing" collisions with transferred energies larger than sometens

of electron volts can be neglected. The results shown in Figure 8 were

obtained assuming the conditions existing at lO0 km. of altitude. The

stopping power for higher altitude will be smaller because relatively

lower densities of the atmospheric medium.

We will also rake some rough estimations of proton ionization rates

and proton excitation rates for sulfur dioxide constituents. It will be

done by using the binary encounter approximation (Gryzinski, 1965) and

taking into account some further development of it (Kunc, 1979; Kunc, 1980

and Gryzinski and Kunc, 1982). These estimations are also necessary for

determination of "ionizing", "exciting" and "capturing" collisions for

slowing down process.

As it was said previously the "ionizing" collisions changes the

densities and the factors Bai as well. The proton ionizationfree electron

rate for sulfur dioxide is difficult to determine because of lack of

appropriate cross sections in the literature of the subject. Using the

b. e. approximation and assuming that an outer shell electron of a sulfur

dioxide molecule has delta distribution with the average velocity given

by equation (16). The proton ionization cross section Qion and the

appropriate ionization rates Kio n for various energies of the protons

passing through sulfur dioxide atmosphere (of physical properties as

before) are shown in Table 2. The last row of the Table 2 displays the

number of ionization acts (Lion) caused by a proton of constant energy

E_along its path from the top of the atmosphere down to the satellite

surface. As can be seen there, the number of those acts is low when
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comparedwith the population of free electrons in the atmosphere. This

fact together with the fact that the densities of the low-energy protons

are not large leads to the conclusion that the variation of free electron
• e

BaIdensity and factors caused by "ionizing" collisions in Io atmosphere

issmall.

The effective (taking into account the capture process) proton

excitation (from ground state to the first excited) cross section can

be given by the following approximate relationship:

Qexc (Ep) : Q'exc (Ep)-y • Qc (Ep) (20)

where Q'exc (Ep) is the excitation cross section without correction for

the capture process, Qc (Ep) is the capture cross section and the

correction factor y can be roughly estimated as

i
_va (0 _ I)

_ 2 " (21)

I/2 m Vp + la _

Taking the above into account the effective cross section Qexc

for proton excitation (of the first energy level of the dioxide molecule)

and the appropriate rates have been estimated and are presented in Table 3.

Comparison of the results presented in Tables 2 and 3 and in

Figure 8 shows that the presence of the "ionizing" and "capturing"

collisions seem not to introduce a significant error in estimation of

the efficiency of slowing down low-energy protons by Io's atmosphere.

Therefore the "reliability interval" of one order of magnitude (that

was assumed for calculation of stopping power of the medium) appears

to be reasonable assurance for quite accurate reflection of reality.

The results of calculations done for lower (solid curves) and upper

(broken curves) limits of this interval are shown in figures 5 and 6.
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TABLE 1

Component

(I)

SO2

SO

(2)

O2 3

S

0 5

6

i
Ba

(3)

2

.2

2

4

4

Electronic Transition

(4)

_3 B] - X1 A]

B3 £-. X3 }.:-

a) A3 £ + - X3 £ "
u g

b) aI Ag - X3 £ -
g

3p3 4S - 3p4

2p3 3S - 2p4

_Eal (eV)

(5)

1.837

2.439

2. 238

0.491

3.431

4.760

i(eV)
Ia

(6)

12.340

12.102

12.063

10.360

13.618
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o

TABLE 2

Ep(keV)

Qion(Cm 2) x lO-16

Kion (sec-I)

Lion

l.76

34

21

lO 5O

2.72 2.02

lO0

1.28

75 124 ll2

33 24 16
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TABLE 3

Ep(keV)

Qexc(Cm 2) x lO-16

Kexc(Sec-1)

Lexc

4.1

79

50

lO

5.15

142

63

50

2.22

138

27

lOD

l .64

143

20
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TABLE CAPTIONS

TABLE I.

TABLE 2.

TABLE 3.

The electronic transitions of Io's atmosphere neturals

taken i'nto consideration in the present calculations.

i - the superscript denoting the kind of particle.

i
- the number of the outer electrons in the ith

a

particle.

i
Ea - the minimum energy transfer during collision

between a proton and a particle of ith kind.

i
Ia - the ionization potential of the particle of ith

kind.

The estimation of the ionizational properties of the low

energy protons in pure sulfur dioxide atmosphere with

characteristic parameters as those at the altitude equal

to I00 km.

Ep -

Qion -

Kio n -

Lio n -

the energy of a proton.

the proton ionization cross section.

the average ionization rate.

the average number of ionizing collisions caused

by the proton on its path from the top of the

atmosphere down to the satellite surface.

The estimation of the proton excitation (from ground

to the first excited level) properties of the low-energy

protons in pure sulfur dioxide atmosphere with charac-

teristic parameters as those at the altitude equal to

lO0 km.
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Ep

Qexc

Kexc

Lexc

- the energy of the proton.

- the proton excitation cross section taking into

account the electron capture.

- the average proton excitation rate.

- the average number of the excitations by the

proton on its path from the top of the

atmosphere down to the satellite surface.
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FIGURE CAPTIONS

Figure I.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

The densities of atmospheric constituents of Io (for

the model with chemically passive surface) as assumed

to the calculations.

The densities of atmospheric constituents of Io (for

the model with chemically active surface) as assumed to

the calculation.

The electron density profiles in Io atmosphere for day

side or night side of the satellite, as measured by

Pioneer lO spacecraft.

Radial profiles of the electron temperatures in vicinity

of Io orbit as found from Voyager l and Voyager 2

measurements. The superscripts "low" and "high" denote

low-temperature and high-temperature electrons, respect-

ively. The parameter n = nehigh/ne !°w.

Stopping power of Io's atmosphere with chemically active

surface as a function of altitude for various proton

energies Ep. The broken curve represents average stopping

power for low energy protons.

Stopping power of Io's atmosphere with chemically passive

surface as a function of altitude for various proton

energies Ep. The broken curve represents average stopping

power for low energy protons.
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Figure 7.

Figure B.

Slowing downof low-energy protons with different initial

energies by Io's atmosphere. Solid curves represent the

slowing down for actual conditions used in the present

calculations. The broken curves represent the slowing

down with stopping power being one order of magnitude

larger.

Stopping power of sulfur dioxide of Io's atmosphere at

the altitude lO0 km for different proton energies Ep

and for different proton energies Ep as a function of

energy transferred during collisions. The "ionizing"

collisions are those with the _mo_untof transfer energy

equal or greater than ionization potential of the sulfur

dioxide molecule (12.34 eV).
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ABSTRACT

A statistical method for investigation of the dynamic properties

of a planetary magnetosphere is presented. The idea is based on the

comparison of probability functions for various magnetospheric properties

that can be obtained from spacecraft-based observations with appropriate

theoretically fitted probabilities obtained from distribution functions

of the dynamical properties of the magnetosphereand the spacecraft.
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The approach proposed in the present work is based on the distri-

bution fucntions of some dynamic quantities (position, energy, or momentum)

of the spacecraft instrument and the investigated phenomenon e.g. a
o

magnetospheric bow shock or a magnetopause. There are several functions

that can be used to describe the behaviour of the spacecraft and the

property of the phenomenon. Two _f these functions that are the most

convenient are; position of the spacecraft gs(_) (where position can

be taken as the distance from the planet associated with the phenomenon)

and the position of the "property" (e.g. bow shock) gp(_). These distri-

butions are defined in a classical way i.e., as the probability density

that the spacecraft ("property") is between _ and _ + d_. Another pair

of suitable functions may be the spacecraft velocity distribution fs(_)

and the "property" velocity distribution fp(_) which determine the

densities of probability that the spacecraft ("property") has its velocity

within the interval _ - _ + d_. Having the above functions, one can

easily introduce the probability that both "objects" have their positions

within the finite interval A_: _2- _I ;

rI + ar

/
Pr gp r (I)l' r2) : gs (_) (_) d "_

.4.

rI

because the dynamical behaviours of the "objects" are uncorrelated

processes. Similarly, the probability that both "objects" have their

velocities within the finite interval

vI

Pv(_'I , _2)= / fs(_) fp(_) d _ (2)

v 1

The above approach contains a certain complexity from analytical

of view associated with the definition of position r and velocity _ of
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the "object" that represents a magnetospheric phenomenon such as, for

example, bow shock. This is because such magnetospheric bow shock can

not be treated as a point, but rather as a surface moving in the space.

However, the measurement_ of the position and velocity of such a surface

are made along the path of the spacecraft passing the bow shock region.

Such region is usually located far enough from the planet and therefore

the appropriate fragment of trajectory of the spacecraft in this region

(in general Keplerian hyperbola in gravitational field of the planet)

can be regarded in a first approximation as a straight line. Thus, one

can reduce the problem to more convenient form with scalar variables

r and v measured along the spacecraft path. The distribution functions

of the spacecraft gs(r) and fs(V) can be given in close analytical forms

as it will be shown below. The distributions of a "property" (bow shock

etc.) gp(r) and fp(r) are unknown and the subject for an investigation

since they can supply a lot of information about the behaviour of the

magnetosphere. The probabilities Pr(a r) and Pv(a v) can be found from

measurements of a properly oriented spacecraft based experiment. When

one is interested in behaviour of the magnetospheric bow shock, the

"experimental" probability Pr(a r) can be found as a ratio of the number

of "meetings" of the spacecraft instrument with the bow shock within an

interval ar to the total number of such "meetings" in certain fragment

of the spacecraft trajectory. The number of "meetings" is simply the

number of crossings of the bow shock by the instrument. The probability

Pv(a v) can be determined in similar manner from, for instance, measure-

ments of the relative velocities of the instrument and the bow shock.

I_ is obvious that for better accuracy of the approach the number of

the crossings should be large enough in whole observed interval and in

subintervals. Having these measurement, one can construct at least two
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probability functions:

1) The function of position r':

r' + ar

Pr(r', ar)': /

r'

gs(r) gp(r) d r (3)

2) The function of velocity v':

V I + _V

Pv(V', z_v) : f fs(V) fp(V) d v (4)

V I

Other functions can be built (e.g. momentum etc.) depending on the

spacecraft instrument measuring capability and accuracy.

In the last two relationships, one has two functions gs(r) and

fs(r) given in analytical form (however they can also be taken from the

spacecraft trajectory measurements) and two functions Pr(r', ar) and

Pv(V', av) obtained from measurements taken by the spacecraft instrument.

The two unknown functions gp(r) and fp(V) characterizing behaviour of

the bow shock can be assumed (e.g. Fourier's series of polynomial forms)

and then fitted (with various coefficients) to the equalities (3) and (4).

The best fitted functions gp(r) and fp(V) can be used in further analysis

of the bow shock properties.

The distributions gs(r) and fs(V) can be obtained from theoretical

considerations because, as it was said previously, the trajectory of the

spacecraft in the region of our interest can be approximated (with high

accuracy) by Keplerian hyperbola with focus in the center of the planet.

The equations of the hyperbola can be written in a parametric form (with

parameter -® < E < " ) as

rs : a (e cosh E - I)
(s)

t = TO (e sinh E - E)
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where

To = (__a3) I/Z

and

: a ms(Vs .)2

In the above, m2 is mass of the spacecraft and vs =is its velocity at

"infinity" i.e. somewhere in the space far enough from the planet to

neglect the gravitational energy of the spacecraft in comparison with

its kinetic energy. However, the "infinity" distance should be chosen

as the one after the last spacecraft trajectory correction before close,

encounter with the planet, because of the requircments of the conser-

vation laws in evaluation of the trajectory properties. The symbol

denotes the reduced m_s_ nf fh_ cn:r:r.,_+ .... *^-.... ........... _ ........ -planet _js_:,,, (and it equals

almost exactly to ms ) e is eccentricity (> I) and a is "semi-major axis"

of the spacecraft orbit. The last two quantities can be found from the

analysis of the general properties of conic curve and conservation laws

of energy and angular momentum.

G'M

(vs .)2
a

After transformation one gets

GM e+l

e-I '
Vo

(6)
r o

e = (-T--+I)

whereG is the universal gravitational constant and M is mass of the planet.

ro is the distance of the closest approach and vo is speed of the space-

craft at the moment of the closest approach. A convenient approximate

solution of the system of parametric equations (5) can be obtained in

the following way; the parameter { can be evaluated as follows :

: d sinh u for _; ( 2.5 (t _<5 To (e - I/2))

or
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with

and

2t ) for { > 2.5 (t > 5 TO (e - I/2)) (7)
= n(To e

d : [_ 8 (e- l) ] I/2
e

3t

u = I/3 sinh -I [ TO d (e --I) ]

Using properties of the hyperbolic functions and Cardan's rule, the

hyperbolic sinus in equations (7) can be transformed to the following form:

2

sin u = I/2 Z {B [l + (-l)i (l + l 2)I/2]}I/3 (8)
i=l 27B

with

B o

3t

- H (e.l) T
• ° 0

Further, the velocity of the spacecraft at the planetcentric distance rs is

2 + 1 I/2
vs(rs) : [ GM ( rs T ) ] (9)

The relationships (5) - (9) are convenient tools for investigation of

the spacecraft dynamics.

The probability of finding the spacecraft in the interval r - r + dr

is equal to the probability of finding the spacecraft inthe appropriate

interval of time. Introducing the density of probability with respect to

time p (t) one has

gs{r) d r : p(t) d t
(lO)

The distribution p(t) is uniform and it should rather be normalized in

certain (long enough) interval of time than in the period of the conic

curve because the spacecraft trajectory is not periodic. Taking the
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normalization time equals to 23 (symmetric with respect to the moment

of the closest approach to the planet) one gets

where

: T O (e sinh C_ - {_)

r T

{_ : cosh "I [_- (_ + I) ]

and r is the planetcentric distance at which t : + 3.

Taking the above into account one gets

with

ill)

gs(p) d p : (c _)-I [p2 + 2 c p + c2 (e2 - I)] -I/2 d p

p : r/a and c = G • M/A (vs .)2

where 2A is a chosen distance of observation.

Similar procedure (with a new dimensionless variable w = (v/v s ®)2

leads to the appropriate velocity distribution function

: _ }-I/2fs(W) d w (2 T) -I { (I - w)4 [l - (I - w) 2 (e2 l)] d w
4w

The approach presented above is quite general and can be used to study any

planetary megnetosphere investigated by spacecraft-based instruments.

To illustrate the method presented here we will use it for estimation

of behaviour of Jupiter's magnetospheric bow shock and magnetopause during

Pioneer 10 and Voyager 2 outbound passings, respectively. (Smith et al.,

1974, 1976; Wolfe et al. 1974; Ness et al., 1979; Lepping et al., 1980a,

1980b). The number of BS outbound crossings of the bow shock by the

Pioneer I0 instrument was equal to at least seventeen whereas the appro-

priate number of Voyager 2 crossing the magnetopause was equal to fifteen.

As it was said earlier, these numbers are too small for correct represent-

ation of the probability functions, but, the best available so far and

(12)

(13)
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making the partial illustration of the method possible. The probability

functions Pr (r1' r2) built on these experimental data are shown in

Figures 1 and 2.

It should be remembered that these data have some uncertainties

associated with measurements because of a few, occasionally appearing,

partial gaps in data during encounters, as for example the 8 hour gap

indicated in Figure 2 with arrow. There are also some differences

between appropriate magnetic field and plasma measurements. All regions

of this sort of uncertainty are marked in Figures l and 2 by using broken

lines. Also, these experiments (based on measurements of the magnetic

field and plasma streams during crossing the bow shock and magnetopause)

did not supply enough information (at least in form published so far) for

taking of full advantage of the method proposed here. The numbers of

crossings were not large in either of the missions mentioned above and

the measurements were not oriented toward to detail registration of the

relative velocities of the spacecrafts and the bow shock or magnetopause.

Therefore, the construction of high reliability functions Pr (rl' r2)

based on these data is difficult and the construction of the function

Pv (Vl' Av) is in fact impossible for time being. Perhaps an additional

combine analysis of the appropriate magnetic field and plasma stream

measurements already existing for the region of our interest would yield

some results reliable enough to build the functions Pv (Vl' Av) for

Jupiter magnetospheric bow shock or magnetopause or both. Another way

of obtaining such cmplete data would be an eventual spacecraft-based

experiment capable to select the dynamic properties useful for getting

fu]l advantage of our method. Before such data are available, the only

way to illustrate the application of our approach with using already
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existing data is to apply our method to partial analysis of the problem

i.e. to use it to limited analysis by construction only the position

related functions Pr (rl'Ar)' gs(r) and gp(r). It may be added that a

reasonable using the fou_ sets of measurementsof all Pioneer and Voyager

missions (as one data set describing behaviour of the Jupiter magnetosphere)

would be incorrect because of the remarkable differences in geometry and

dynamics of each close encounter. These differences are so distinguish

that it is impossible to create a sensible method of statistical averaging

of the data, that still form relatively small statistical ensemble.

The oscillations of the bow shock and the magnetopause along the

spacecraft path has been assumed, for numerical illustration, as harmonic

ones. Using the procedure presented above, the appropriate distribution

functions can be given in analytical form:

gp(_) d p = (2 _)-l (l - _2)-I/2 d _ (14)

where _ = IPmin - p + I I ; with a convenient choice for A as the ampli-

tude of the oscillations (i.e. 2A = rma X - rmin). Similarly;

fp(_) d G = (2 =);l (l -G2) -I/2 d G (15)

where G = v/w A and w is oscillation angular frequency.

It may be worth adding that despite the sinularities, the distributions

(14) and (15) have finite integrals (equal to sin "l _) i.e. can be

normalized not only on particular fragments of trajectory but also in

entire oscillation interval.

The comparison of the theoretical probability Prthe°r (based on

the predicted functions gs(r) and gp(r) given in equations (12) and (14),

respectively) with the appropriate experimental probability Prexp (based
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on measurements of Pioneer I0 and Voyager 2) is done in Figures 1 and 2

and as it can be seen from these they show similarity in shape.. However,

it should be emphasized that the practical example shown above should

be treated as an illustration only, of the approach presented here. As

it was said before neither the number and accuracy of existing measure-

ments is high enough for reliable statistical ensemble of data nor the

oscillations of Jupiter's magnetosphere are harmonic ones. Also, a more

sophisticated experiment would be desirable for full efficiency of the

method. The data obtained from such measurements should allow one to

build the experimental probability function of higher orders (e.g.

momentum) in vectorial representation. The situation is much simpler

in case of theoretical probabilities Prthe°r obtained from functions
gs'

gp' fs' fp etc. The latter functions can be represented by, for example,

general Fourier series, and the class of these functions can be predicted

or estimated pretty easily. Finally one can add that the analytical forms

of the distributions gs' fs etc. give highly accurate approximations for

the dynamic behaviour of spacecraft encountering with planet.
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